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Preface 



Preparation, properties and the manifold synthetic applications of "azolides" in 
organic and bioorganic chemistry are the topics of this book. Azolides like the N-acyl, 
N-sulfonyl and AT-phosphoryl derivatives of imidazoles, triazoles, tetrazoles, benz- 
imidazoles and benzotriazoles represent an easily accessible class of activated acid 
derivatives, the distinct and gradually varied reactivity of which makes them especially 
useful for a wide variety of synthetic reactions. The systematic investigation and 
expansion of this group of compounds, as well as its introduction into synthetic 
chemistry, are based almost exclusively on syntheses, reactivity studies, and pre- 
parative developments introduced in our laboratory during the decade from the mid- 
50s to the mid-60s. Of special importance for the synthetic application of azolides was 
my synthesis in 1956 of A^-carbonyldiimidazole (CDI), followed by its analogues 
which as highly reactive reagents paved the way to a variety of new reactions. CDI still 
remains the most used compound in azolide syntheses. 

A first review of our work in this field was published under the title "Syntheses 
Using Heterocyclic Amides (Azolides)" in Angewandte Chemie in 1962; an updated 
version co-authored by W. Rohr was included in Vol. V of the series Newer Methods of 
Preparative Organic Chemistry (Verlag Chemie, Weinheim 1967). Since then, how- 
ever, azolide reactions, due to their versatility, ease of handling, and mild reaction 
conditions, have become widely used in very diverse fields of chemistry and bio- 
chemistry, as will be shown in this book. 

After conceiving and working out most of the basic types of azolide reactions, our 
own group left this field completely more than 25 years ago to become engaged in 
quite different areas of organic chemistry. Nevertheless, we followed with interest the 
further growth of my first "scientific baby", and we note with satisfaction the wide 
scope within which azolide reactions are now being applied and continue to be 
introduced for new synthetic purposes. Under these circumstances we felt that a 
comprehensive account of azolide reactions with emphasis on their application in 
organic and bioorganic synthesis was overdue. 

We soon found out that the material we had to deal with was much more extensive 
than we had anticipated. It was necessary to evaluate several thousands of papers 
dealing with azolide reactions in recent years. Chemical Abstracts lists more than 1500 
references to CDI alone from 1967 to the present. Thus, what was originally planned 
as a progress review chapter in one of the existing series on organic reactions grew up 
into a real book, which we hope to be of value to organic chemists and biochemists 
interested in synthetic methods. 
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This book never would have been completed without the enthusiastic engagement 
of my co-authors Professor Helmut Bauer and Ms. Karin M. Schneider \ whom I would 
like to thank for the great effort they devoted to this project, their careful collecting 
and evaluating of the extensive material, and their excellent achievement in preparing 
and drafting most of the manuscript. We also thank Ms. Anke Friemel for her out- 
standing word-processing and editing of chemical structures and equations. 

Heinz A. Staab 
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Errata 

Azolides in Organic Synthesis and Biochemistry 

H. A. Staab, H. Bauer and K. M. Schneider 

Some mistakes which occurred during typesetting failed to be corrected. 
We apologize for the inconvenience. 

p. xiii, 9th line from the bottom - the correct spelling of LDA reads: 

LDA Lithium diisopropylamide 
p. 1, line 6 - reads: 

. . . reactions with nucleophiles at the carbonyl group . . . 
p. 1, line 19 - reads: 

. . . nucleophilic reactions at the carbonyl group . . . 
p. 3, 5 and 7, the running head reads: 

1.2 Reactivity of N-Acylazoles in Hydrofyses 
p. 39, 4th line from the bottom - reads: 

... if X=Li or Na, 60 °C and DMF ... 
p. 72, headline of table 3-11 - add: 

Carbohydrate 

R,R*,R 2 ,R 3 = H 

p. 154, chapter 4.1.9, left formula - reads: 

Asamycin analogue 
p. 209, line 13 - the correct spelling reads: 

AT-Protected amino acids . . . 
p. 209, line 15 - the correct hyphenation reads: 

... dimethylform- 
amide ... 

p. 306, section "Reaction with Phosphoric Diimidazolides", right formula in scheme a) - the correct 
position of the positive charge is: 

O 
p-NO 2 C6H4C«2O-P-S c-CfiHnNHf 

OQH5 

p. 387, formula at the bottom - the correct formula reads: 

1. C 2 H 5 I,NaH,C4H9Li,THF 
p. 444, table 19-1, right column, 2nd line from the bottom - the correct position of the double bonds is: 

V 

p. 444, table 19-1, right column, last line - the correct position of the double bond is: 

\ 

N 
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1 Reactivity of Azolides 



1.1 General Introduction 



The compounds referred to as "azolides" are heterocyclic amides in which the amide 
nitrogen is part of an azole ring, such as imidazole, pyrazole, triazole, tetrazole, benz- 
imidazole, benzotriazole, and their substituted derivatives. In contrast to normal amides, 
most of which show particularly low reactivities in such nucleophilic reactions as 
hydrolysis, alcoholysis, aminolysis, etc., the azolides are characterized by high reactiv- 
ities in reactions with nucleophiles within the carbonyl group placing these compounds at 
about the same reactivity level as the corresponding acid chlorides or anhydrides. [1] 

N N N N N 

c=o c=o c=o c=o c=o 

I I I I I 

R R R R R 



One of the unique advantages that the group of azolides offers to synthetic organic 
chemistry consists in the wide spectrum of reactivities displayed in nucleophilic reac- 
tions. This reactivity gradation depends on the number and location of the nitrogen atoms 
in the azole rings, which in turn determines the electron-withdrawing effect on the 
carbonyl group as well as the effectiveness of the azole units as leaving groups (for 
details of mechanisms see the following chapters). Whereas in such nucleophilic reac- 
tions on the carbonyl group as hydrolysis or alcoholysis iV-acylpyrroles are nearly as inert 
as normal amides, the corresponding imidazolides react already under very mild condi- 
tions, and the triazolides and especially the tetrazolides are so activated that special care 
must be observed in storing and handling these reagents under strict exclusion of 
moisture. Benzoanellation like that in benzimidazolides and benzotriazolides reduces the 
reactivity toward nucleophilic reactions of the carbonyl group. In addition to this 
variability derived from the azole units themselves, further reactivity modifications can 
be achieved through substitutions on the azole rings (for problems associated with iso- 
mers of the azolides see Chapter 2). 

The reactivity of the various azolides as well as the order of reactivities within this 
group can be explained on the basis of the quasi-aromatic character of the azole rc-system: 
the lone electron pairs on the acyl-substituted nitrogens N(l) are part of the cyclic rc- 
system of the azole units, leading to a partial positive charge on N(l) that interferes with 
the normal carboxamide resonance and exerts an electron-withdrawing effect on the 
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carbonyl groups, making these groups more susceptible to nucleophilic attack. Moreover, 
with increasing numbers of nitrogens the azole units become better leaving groups, 
especially in proton-donating solvents. Thus, the dramatic increase in reactivity in the 
series imidazolides/triazolides/tetrazolides, as shown for hydrolysis in Table 1 of Section 
1.2, is a result of the increasing replacement of carbon atoms in the azole rings by the 
more electronegative nitrogen. For isomeric azolides with the same number of nitrogen 
atoms in the azole rings, those with the greater number of adjacent nitrogens show 
lower reactivity (e.g., pyrazolides < imidazolides; l,2,3-triazolides< 1,2,4-triazolides). 
Obviously, neighboring nitrogens cannot accommodate the same electron density in the 
azole rings as nitrogens separated by a carbon atom. 

Thus, the family of azolides represents a versatile system of reagents with graduated 
reactivity, as will be shown in the following section by a comparison of kinetic data. 
Subsequent chapters will then demonstrate that this reactivity gradation is found as well 
for alcoholysis to esters, aminolysis to amides and peptides, hydrazinolysis, and a great 
variety of other azolide reactions. The preparative value of azolides is not limited to these 
acyl-transfer reactions, however. For example, azolides offer new synthetic routes to 
aldehydes and ketones via carboxylic acid azolides. In all these reactions it is of special 
value that the transformation of carboxylic acids to their azolides is achieved very easily; 
in most cases the azolides need not even be isolated (Chapter 2). 

The azolide concept can be extended further to other N-substituted azoles, such as N- 
sulfonyl- or N-phosphorylazoles, for which an analogous gradation of reactivity is 
observed depending on the choice of the specific azole system. The reactions of these 
compounds are dealt with in Chapters 10 and 12, respectively. 
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Not only this manifold and graduated reactivity of azolides, but also the facile pre- 
paration and generally very mild conditions for their reactions make this group of 
compounds a useful addition to the repertory of synthetic organic chemistry. Starting 
from the first synthetic applications described by our group in the late 50s and early 60s, 
azolides attracted increasing attention, and continues still to do so. 

To our knowledge, only a very few references are to be found in the early literature on 
azolides, limited to specific imidazole derivatives. Thus, Gerngross described in 1913 N- 
benzoylimidazole and noted its easy hydrolysis to imidazolium benzoate. [2] On the basis 
of these findings Bergmann and Zervas observed the transfer of an acyl group from 
the imidazole unit of histidine to other amino acids, and discussed whether reactions 
of this type might play a role in the biosynthesis of peptides and proteins. [3] After 
earlier unsuccessful attempts, in 1952 Boyer prepared N-acetylimidazole from imidazole 
and isopropenyl acetate.* 41 One year later, in 1953, Wieland and Schneider prepared 
the same compound using the method of Gerngross} 5] these authors were the first to 
carry out a few transacetylation experiments, and on the basis of these experiments 
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they classified this compound as an "energy-rich" acetyl derivative. At about the same 
time (1953—1955) the senior author of the present monograph, in his first independent 
research at the Max-Planck-Institute Heidelberg, became interested in this area from 
quite a different point of view while studying the in situ acetylation of choline to acetyl- 
choline, using for detection the isolated guinea pig colon. In this context there was 
prepared the then unknown ATJV'-diacetylhistamine, which indeed converted choline to 
acetylcholine by a transacetylation in which only the acetyl group on the imidazole ring 
of histamine participated. [6] This observation raised our interest in AT-acylimidazoles and 
led eventually to the extended syntheses of azolides and their application in organic 
synthesis. [1] ' [7] A major breakthrough in this field was the synthesis in 1956 of NJP- 
carbonyldiimidazole, [8] the first example of an iVyV'-carbonylbisazole, which soon 
acquired practical significance in the preparation of azolides and their reactions, as well 
as for a variety of other synthetic applications. The reactivities of A^'-carbonyldiimi- 
dazole and related A^-carbpnylbisazoles as well as such analogues like iV^'-thio- 
carbonyl-, ATJV'-sulfinyl- and Af^V'-sulfonylbisazoles are dealt with in Section 1 .3. 



1.2 Reactivity of iV-Acylazoles in Hydrolyses 



Table 1-1 provides rate constants k f and half-lives t 1/2 for the hydrolysis of JV-acetyl- 
azoles in pure water ("conductivity water," pH 7.0, 25 °C). [7] ' [9] ' [10] In all the cases 

Table 1-1. Rate constants k' [10 5 sec -1 ] and half-life times t 1/2 [min] for neutral hydrolysis of AT-acylazoles 
["conductivity water," pH 7.0, 25 °C] together with IR frequencies v (C=0 ) in CC1 4 and enthalpies. 
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mentioned above, the rates of hydrolysis were determined by UV-spectroscopic mea- 
surements of the intensities of the typical longer-wavelength absorptions of azolides (c.f. 
AT-acetylimidazole : X max 242 nm in THF) relative to corresponding hydrolyzed systems. 
The hydrolysis rates obtained spectroscopically were complemented in some cases by 
conductometric measurements^ 71 as well as by measurements of heats of hydrolysis. [11] 

Whereas under the conditions specified above JV-acetylpyrrole, like a typical acet- 
amide, is not detectably hydrolyzed in neutral aqueous medium, the half-life of N- 
acetylpyrazole is 908 min, and that of Af-acetylimidazole is reduced to 41 min; for 
1 -acetyl- 1,2,4-triazole and for the isomeric 1 -acetyl- 1,2,3-triazole, half-lives of 6.4 and 
26.6 min, respectively, were observed (for an explanation of the different reactivities of 
the two pairs of isomers see above). Hydrolysis of A/-acetyltetrazole under the same 
conditions occurs too rapidly to be measured with conventional spectroscopic techniques. 
The reaction enthalpy AH was determined for Af-acetylimidazole to be — 4.83 kcal/mol; 
for the corresponding 1,2,4-triazolide the value was — 7.29, and for the tetra- 
zolide- 10.31 kcal/mol. [11] 

In the benzoanellated series A^acetylindol/Af-acetylbenzimidazole/Af-acetylbenzo- 
triazole the rate of hydrolysis again increases with the number of nitrogen atoms in the 
five-membered rings. In each case, however, the hydrolysis rate is, as expected, lower 
than that for a monocyclic azolide with the same number and arrangement of ring 
nitrogens. [12] The half-lives under the same conditions as for the previously described 
series (pH 7.0, "conductivity water," 25 °C) are 1260 min for Af-acetylbenzimidazole and 
115 min for Af-acetylbenzotriazole. 

Substitution on the carbon atoms of the azole rings has the expected effect: electron- 
withdrawing substituents such as nitro or halogen increase the reactivity of the azolides, 
whereas alkyl substituents lead to a decrease in transacylation rates. [10] 

The data in Table 1—1 reveal a strong increase in the infrared wave-number for 
carbonyl absorption with increasing hydrolysis rate. For the most reactive Af-acetyl- 
tetrazole with v(C=O)«1780 cm -1 (CC1 4 ) a carbonyl absorption is observed that is 
quite unusual for a carbonyl group of the carbonamide type, [7] ' [9] which demonstrates the 
strong influence the azole group exerts by its electron-attracting effect in competition 
with the amide resonance. In fact, the carbonyl frequencies v(C=0) for substituted N- 
benzoylimidazoles and Af-benzoyl-l,2,4-triazoles are so closely related to log k for 
neutral hydrolysis that the hydrolysis rates can be predicted, within the range of accuracy 
of the kinetic method, from the infrared spectra. [9] 

The same order of reactivity observed for the hydrolysis of Af-acetylazoles (Table 
1-1) is also found for azolides with other A/-acyl groups. Exceptional, however, are the 
Af-formylazoles: Af-formylimidazole in neutral water is hydrolyzed immeasurably rapidly; 
even in a 1 : 1 mixture of water/tetrahydrofuran at 20.6 °C the half-life is in the order of 
only 3.7 min, approximately a factor of 100 faster than that for Af-acetylimidazole under 
the same conditions.^ 131 

Although hydrolysis as well as other nucleophilic reactions of Af-acylazoles (alco- 
holysis, aminolysis etc.) most likely follow the addition-elimination (AE) mechanism, 
there are indications that more complex mechanisms must be taken into account for 
hydrolysis under specific structural conditions. For example, for neutral hydrolysis of 
imidazolides with increasing steric shielding of the carbonyl group by one, two, and three 
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methyl groups in the a-position of the A^-acyl chain, no decrease in hydrolysis rate is 
observed. Instead, in the series A^acetylimidazole/A^propionylimidazole/A^isobutyr- 
ylimidazole/JV-(trimethylacetyl)imidazole, despite the great increase in steric hindrance, 
the rates of neutral hydrolysis do not decrease but increase by more than a factor of ten 
[810~ 4 M solution in "conductivity water", 25 °C]. On the other hand, exactly the same 
series of compounds with increasing steric hindrance through a-branching methyl groups 
shows a strong rate decrease in reactions with stronger nucleophiles, as in aminolysis 
[5% diethylamine, dry tetrahydrofiiran; 25 °C], obviously a consequence of a bimole- 
cular mechanism of the AE type (Table i_2 [14] * [15] ). 

Af-(Trichloroacetyl)imidazole, although sterically comparable to iV-(trimethylacetyl)- 
imidazole, reacts with water at room temperature almost instantaneously in a vigorous 
reaction, as does the corresponding trifluoroacetyl compound. [15] These highly reactive 
compounds can be used for the synthesis of symmetrical carboxylic acid anhydrides from 
carboxylic acids, as will be shown below. [16] Obviously, the high reactivity of A^-(tri- 
chloroacetyl)imidazole/A^(trifluoroacetyl)imidazole, in contrast to the steric hindrance 
observed with A^isobutyrylimidazole/N-(trimethylacetyl)imidazole, [17] is due to strong 
inductive effects of the trihalogenated acetyl groups. 



N-C-C-X X = F,C1,CH, 



w 



Steric distortion by phenyl rings in the 4 and 5 positions of Af-acylimidazoles further 
gave rise to enhanced rates of hydrolysis proceeding in a concerted manner. [17] 

Kinetic data for the hydrolysis of an extended series of m- and p-substituted N- 
benzoylazoles [9] suggest an addition-elimination mechanism. Essentially the same results 
were confirmed later by other authors on a few of these substituted JV-benzoylimida- 
zoles. [18] All these hydrolysis reactions can be followed spectrophotometrically due to the 
characteristic intense absorption bands of azolides at wavelengths longer than those of the 
products obtained by hydrolysis. Fig. 1—1 shows as an example the change in the 
absorption spectrum of iV-(4-methylbenzoyl)imidazole during neutral hydrolysis [21 °C, 
water/tetrahydrofuran 3:1]. The sharp isosbestic points observed in all these cases for 
both imidazolides and 1,2,4-triazolides of meta- and para-substituted benzoic acids prove 
the exclusion of any side-reactions. t9] 
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250 

Mrotf *> 

Fig. 1—1. Hydrolysis of AT-(4-methylbenzoyl)imidazole in water/tetrahydrofuran (3 : 1) at 21 °C. [9] 



Fig. 1-2 shows a Hammett diagram for 14 different imidazolides of benzoic acids 
with a wide range of substituents upon which the reactivity is strongly dependent; for 
example, the difference in rate constants between JV-(4-nitrobenzoyl)imidazole and JV-(4- 
dimethylaminobenzoyl)imidazole under the same reaction conditions amounts to a factor 
of about 3000. The Hammett reaction constant p = -f 1 .85 for the series shown in Fig. 1—2 
indicates clearly that the hydrolysis is following a nucleophilic addition-elimination 
reaction path. 

Unexpectedly, the hydrolysis of JV-(2,4-dinitrobenzoyl)imidazole at 25 °C was found 
to be slower by a factor of 25 in comparison to JV-(4-nitrobenzoyl)imidazole. This lower 
reactivity of JV-(2,4-dinitrobenzoyl)imidazole was explained by a combination of steric 
crowding at the reaction center and intramolecular stabilization of the reactant stated 191 
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Fig. 1—2. Hammett diagram for the hydrolysis of imidazolides of aromatic carboxylic acids in water/ 
tetrahydrofuran (3 : 1) at 21 °C. [9] 



Results corresponding to those for the substituted Af-benzoylimidazoles have been 
observed for a series of meta- and para-substituted Af-benzoyl-l,2,4-triazoles which, 
under the same conditions and over the whole range of substituents, show reaction rates 
about ten times faster than those of the imidazolides. [9],[10] 

Following the adoption of azolides as valuable and versatile reagents in synthetic 
organic chemistry, [1] and also in the context of their potential role in biochemistry, a great 
many kinetic, mechanistic, and theoretical papers appeared concerning this group of 
compounds and their properties. Some of these papers [18] ' [20] are very useful for a better 
understanding of the reactivity of azolides. 

The present monograph deals primarily with synthetic applications of azolides, so 
kinetic and mechanistic problems cannot be treated in extensive detail. The chapters that 
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follow will therefore include only brief discussions on the mechanisms of acyl transfer of 
azolides to the extent that these are of interest in understanding the scope and limitations 
of the reactions themselves. As is true of most of the mechanistic studies in this area, we 
confine ourselves in this chapter to the hydrolysis of azolides. 

Azolide hydrolysis proceeds, as noted previously, in neutral aqueous medium; it can 
be further catalyzed by acids and bases. Hydrolysis in neutral aqueous solution has been 
especially well studied for Af-acylimidazoles because of the potential biochemical rele- 
vance of imidazolide systems. Formally, neutral hydrolysis of an AT-acylimidazole is the 
cleavage of an amide bond by a water molecule acting as a nucleophile. In fact, however, 
it is generally agreed that more than one water molecule is involved. t21] Obviously, the 
water molecule acting as a nucleophile on the imidazolide carbonyl group is hydrogen- 
bonded to a second water, making the first one more nucleophilic. A further water 
molecule is expected to be attached by hydrogen bonding to N(3) of the imidazole. The 
imidazolyl group with respect to inductive substituent effects has been assigned a high 
"nucleofugicity" transmitted by a-bonds; the corresponding estimated substituent con- 
stants for imidazolyl and chloro substituents with -f 0.60 and 0.58, respectively, are very 
similar. t22 ^ Hydrogen bonding to N(3) of the imidazole as a stage preceding protonation 
should further increase the leaving-group capacity of the imidazolyl unit. This effect of 
hydrogen bonding may also play a role in the catalysis of AT-acylimidazole hydrolysis by 
imidazole itself. [23] 
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In the acid-catalyzed hydrolysis of azolides, [23] protonation of the azole to afford an 
azolium unit leads to a stronger electron-withdrawing effect on the reaction center, which 
in turn favors addition of a nucleophile to the carbonyl group. Furthermore, protonation 
to the imidazolium group in the case of Af-acylimidazoles has been shown to support the 
reaction by now permitting loss of neutral imidazole as the leaving group. In fact, by 
comparing JV-acetylimidazole with l-acetyl-3-methylimidazolium chloride it was found 
that the hydrolysis rate of Af-acetylimidazole in dilute acid solution below pH 6 is very 
similar to that of l-acetyl-3-methylimidazolium chloride. This result suggests that, in acid 
hydrolysis of azolides, protonation on the azole nitrogens plays an important role. 

For the mechanism of azolide hydrolysis under specific conditions like, for example, 
in micelles, [24] in the presence of cycloamyloses, [25] or transition metals, [26] see the 
references noted and the literature cited therein. Thorough investigation of the hydrolysis 
of azolides is certainly important for studying the reactivity of those compounds in 
chemical and biochemical systems. [27] On the other hand, from the point of view of 
synthetic chemistry, interest is centred instead on the potential for chemical transfor- 
mations; e.g., alcoholysis to esters, aminolysis to amides or peptides, acylation of car- 
boxylic acids to anhydrides and of peroxides to peroxycarboxylic acids, as well as certain 
C-acylations and a variety of other preparative applications. 
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1.3 Reactivity of TV, iV'-Carbonylbisazoles 
and Analogous Compounds 



Our discovery of the reactivity of azolides and its mechanistic interpretation, as described 
in the preceding section, led us rather soon to a new class of compounds that extended 
considerably the range of preparative applications of azolides. Given a knowledge of the 
way carbonyl groups in azolides could be activated by electron-attracting azole groups, it 
was an obvious challenge to try synthesizing JV,W-carbonylbisazoles in which this type of 
activation toward nucleophilic reactions should be increased by two azole units linked to 
the carbonyl group. Formally, such hitherto unknown JV,W-carbonylbisazoles can be 
regarded as JV-substituted ureas. However, in contrast to the inertness of normal ureas 
with respect to nucleophilic attack at the carbonyl group, i\f,W-carbonyibisazoles are 
reagents of very high reactivity toward nucleophiles. These compounds, which can also 
be considered as bisazolides of carbonic acid, show the same versatile gradation of 
reactivity as the azolides of carboxylic acids. Rate constants for hydrolysis and corre- 
sponding IR frequencies are given in Table i_3.I 8 l»Pl,[28] 

For preparative purposes, the most important JV,N'-carbonyibisazole is iV^'-carbo- 
nyldiimidazole (abbreviated in the subsequent text as CDI), which as the first member of 
this family was synthesized in 1956 by the senior author. [29] ' [30] The unusual reactivity of 
this compound is demonstrated by its hydrolysis, which occurs instantaneously at room 
temperature with drops of water, causing effervescence of carbon dioxide. 

In addition to CDI, just as in the family of the carboxylic acid azolides (see the 
preceding Section), changes in the azole units have permitted preparation of a whole 
series of CDI analogues with graduated reactivities: i\f,W-carbonyldipyrazole, C31] NJP- 
carbonyldi-l,2,4-triazole, [32] as well as JV^'-carbonyldibenzimidazole and WJV'-car- 
bonyldibenzotriazole. [33] 

The increasing reactivity on going from CDI to JV,N'-carbonyldi-l,2,4-triazole is also 
reflected in the corresponding dibenzo derivatives JV,Af'-carbonyldibenzimidazole and 
iN^/V'-carbonyldibenzotriazole. 

CDI and the other JV^/V'-carbonylbisazoles of sufficiently high reactivity react with 
alcohols ROH to produce diesters of carbonic acid RO-CO-OR, and with amines 
R 1 R 2 NH to give diamides of carbonic acid (ureas) R^N-CO-NR^R 2 . By use of cor- 
responding bifunctional partners, heterocyclic systems are accessible through insertion of 
the carbonyl group between two heteroatoms (see Chapter 7). 

Much more important than these reactions, however, are the reactions of CDI and its 
analogues with carboxylic acids, leading to iV-acylazoles, from which (by acyl transfer) 
esters, amides, peptides, hydrazides, hydroxamic acids, as well as anhydrides and various 
C-acylation products may be obtained. The potential of these and other reactions will be 
shown in the following chapters. In most of these reactions it is not necessary to isolate 
the intermediate JV-acylazoles. Instead, in the normal procedure the appropriate nucleo- 
phile reactant (an alcohol tn the ester synthesis, or an amino acid in the peptide synthesis) 
is added to a solution of an iV-acylimidazole, formed by reaction of a carboxylic acid with 
CDI. Thus, CDI and its analogues offer an especially convenient vehicle for activation of 
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Table 1—3. Rate constants and half-life times t 1/2 [min] for hydrolysis of -tyAT-carbonylbisazoles and their 
benzo and thio derivatives in THF/water (40 : 1; 27° C) and IR frequencies v (C =o) ia CHC1 3 . 

^-°-0 w N " c - N ^ nV'^va k/ N " c ' N ^ 

AMO 3 [sec" 1 ] — 6.43 12.9 0.042 

t 1/2 [min] — 1.8 0.9 275 

v c =o [cm" 1 ] 1743, 1719 [34] 1762, 1732 1792, 1770 



N ^\ 9 /^ N N*^ 9 / N *N N* 1 ^ " ^*N 

| N-C-N I | N-C-N I I N-C-N I 




fr'-lO^sec" 1 ] 


0.041 


6.10 


0.068 


t 1/2 [min] 


282 


1.9 


170 


v c =o [cm" 1 ] 


— 


— 





carboxylic acids and subsequent reaction with nucleophiles. Both steps usually take place 
with excellent yields. 

As will be shown below in subsequent chapters, CDI reacts in a corresponding 
way with sulfonic acids, which lead via the corresponding imidazolides to sulfonamides 
or sulfonic esters, and with phosphoric acid, which reacts with CDI to give the 
corresponding imidazolides of phosphoric acids that can in turn be used for phosphor- 
ylations. 

The general concept applied to the group of iV^-carbonylbisazoles has also been 
extended to the corresponding iV^'-iminocarbonyl analogues as well as to JVjAT'-thio- 
carbonyldiimidazole. [35] Of further interest are iV^V-sulfinyldiimidazole and A^V'-sulfo- 
nyldiimidazole, [36] the reactivity of which will be discussed in Chapter 2. Preparation and 
synthetic applications of these CDI-analogues will be dealt with in detail in the appro- 
priate chapters; they are mentioned briefly here only to show the wide scope of azolide 
chemistry. The corresponding activated phosphoryl imidazoles [37] ' [38] are also analogues 
of CDI, they will be dealt with in Section 2.2 and Chapter 12. 
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2 Preparation and Properties of Azolides 



2.1 Imidazolides of Carboxylic Acids 



As shown by the kinetic studies reported in Chapter 1, the azolides of carboxylic acids 
constitute a series of versatile reagents with a broad range of gradually changing reac- 
tivities with respect to nucleophilic reactions at their carbonyl groups. It has already been 
pointed out on the basis of hydrolysis kinetics that this specific stepwise reacting capacity 
is a consequence of the gradual electron-withdrawing effect that the azole groups of 
azolides exert depending on the number and positions of nitrogen atoms in the azole rings 
(pyrazoles < imidazoles < 1,2,4-triazoles < 1,2,3-triazoles < tetrazoles). Benzoannelation 
of an azole group reduces its reactivity compared to the corresponding monocylic azo- 
lides; the reactivity dependence on number and position of the nitrogens follows, in 
general, the same tendencies observed with the monocyclic azolides. 

Based on these reactivity studies on azolides, the imidazolides do not represent the 
most reactive members of the azolide family. In most cases, however, they are suffi- 
ciently reactive to undergo nucleophilic reactions leading to the desired products. Due to 
the easy and economical availability of imidazole, imidazolides are by far the most 
commonly used azolides for synthetic purposes. If, on the other hand, imidazolides are 
not sufficiently reactive in a specific case, one of the more active reagents from the 
arsenal of azolides might be used, as, for example, an azolide derived from a triazole or a 
tetrazole. 



Preparation of Imidazolides by Acylation of Imidazole 

Imidazolides may be obtained by the conventional acylation method: reacting imidazole 
with an acid chloride in a 2 : 1 molar ratio at room temperature in tetrahydrofuran or some 
other inert solvent in which imidazolium chloride is insoluble. After filtering off the 
imidazolium salt, imidazolides of good purity are in most cases obtained simply by 
removal of the solvents. Further purification may be effected by recrystallization from 
tetrahydrofuran, benzene, or similar solvents, or by vacuum sublimation. A great many 
imidazolides prepared in our group have been obtained in yields between 80 and 95% 
essentially independent of the structure of the acyl chain, which has ranged from straight 
to branched and from saturated to highly unsaturated acyl groups as well as to aromatic 
units with a wide variety of substituents. [1],[2] Imidazolides can be handled easily since in 
general only long exposure to moisture is likely to result in hydrolytic cleavage. Melting 
and — in the rare cases of non-crystalline compounds — boiling points are available today 
for well over a hundred imidazolides characterized by a wide choice of acyl groups. For 
the subsequent transacylation steps, however, it is usually not necessary to isolate the 
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imidazolides themselves since solutions of the compounds can be used directly in one-pot 
reactions. 

The use of N-trimethylsilylimidazole has been suggested in the reaction with acid 
chlorides to form imidazolides. [3] In fact, the rate of conversion to imidazolides by 
reaction of iV-trimethylsilylimidazole with acid chlorides is remarkably rapid even at 
rather low temperatures. On the other hand, the preparation of the N-trimethylsilylimid- 
azole from imidazole requires the heating of imidazole with hexamethyldisilazane for 
several hours. 

Direct acylation of imidazole can also be achieved with carboxylic acid anhydrides. 
For example, if imidazole is dissolved at room temperature in acetic anhydride, crystals 
of iV-acetylimidazole begin to separate out; after removal of excess anhydride and 
the resulting acetic acid under vacuum at 60 °C, nearly pure Af-acetylimidazole (m.p. 
100-102 °C) is obtained in almost quantitative yield. [4] 

The preparation of imidazolides by acylation of imidazole with acid chlorides is 
sometimes limited by the inaccessibility or instability of the required acid chlorides (e.g., 
formyl chloride, highly unsaturated acid chlorides, etc.) or by side-reactions in the case of 
multifunctional systems. For these reasons and due to the availability of an easy and 
convenient procedure involving very mild conditions, imidazolides today are usually 
prepared directly from the corresponding carboxylic acids with N^-carbonyldiimida- 
zole (CDI) or one of its analoga (see page 16). Use of these reagents has become more 
and more the preferred method for activation of carboxylic acids to azolides and their 
further transacylation to esters, amides, peptides, etc. (see subsequent Chapters). 



Preparation of Imidazolides from Carboxylic Acids Using 
NJV -Carbonyldiimidazole (CDI) 

A^-Carbonyldiimidazole (CDI) is prepared in a convenient and safe procedure from 
phosgene and imidazole as a non-toxic crystalline compound (m.p. 116-118 °C). [5] ' [6] It 
reacts almost quantitatively at room temperature or by short and moderate heating with 
an equimolar quantity of a carboxylic acid in tetrahydrofuran, chloroform, or similar inert 
solvents within a few minutes to give the corresponding carboxylic acid imidazolide, 
which is formed under release of carbon dioxide, together with one equivalent of readily 
separable and recyclable imidazole. [7] ' [8] Thus, this reaction leads under very mild 
conditions to the activation of a carboxylic acid appropriate for transacylation onto 
a nucleophile: with an alcohol to an ester, with an amino compound to an amide or 
peptide, etc. 

A two-step mechanism must be assumed for this very valuable reaction of carboxylic 
acids with CDI. [9] Obviously the first step is a nucleophilic attack of the carboxylic acid 
or - depending on the acidity - the carboxylate ion on the carbonyl group of CDI, 
leading after elimination of imidazole to a mixed anhydride of imidazole-iV-carboxylic 
acid and the attacking carboxylic acid. This intermediate must have a very short life-time 
since it has not been detected down to — 50 °C. Rapid cleavage of C0 2 from this mixed 
anhydride involves exclusively the carbonyl group linked to the imidazole unit: If 
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[l- l4 C]cinnamic acid is reacted with CDI, the radioactivity is completely preserved in the 
iV-cinnamoylimidazole. t91 This result is fully in accordance with the observation that the 
CDI analogue A^'-thiocarbonyldiimidazole reacts with carboxylic acids to form 
exclusively carbonoxysulfide COS and the imidazolide of a carboxylic acid, whereas 
formation of CO2 and N-thioacylimidazoles is not observed. In the second step, reaction 
of the mixed anhydride to give acylimidazole, either an inter- or an mframolecular 
pathway is possible. The mtermolecular pathway includes a transacylation reaction 
of the mixed anhydride with azole set free in the first step. Upon running 
the reaction with cinnamic acid and JV^V'-carbonyldibenzimidazole instead of CDI 
in the presence of [2- 14 C]benzimidazole, radioactivity was found exclusively in the 
iV-cinnamoylbenzimidazole. This result provided strong evidence for the wtermolecular 
pathway in the case of A^AT'-carbonyldibenzimidazole, although exchange with [2- 14 C] 
benzimidazole at the stage of N^V'-carbonyldibenzimidazole cannot be completely 
excluded. 

The transformation of carboxylic acids with CDI into imidazolides has a wide range 
of applicability. CDI reacts with aliphatic, aromatic, and heterocyclic carboxylic acids 
under very mild conditions, and these reactions are not affected by the presence of 
functional groups unless the latter are strongly nucleophilic and themselves react with 
CDI; in such cases a reversible protection of the functional groups is necessary. The 
reaction of CDI also works in such specific cases as trifluoro- and trichloroacetic acids, 
leading to the very reactive Af-trifluoro- and N-trichloroacetylimidazoles/ 10 ^ 11 * 

Dicarboxylic acids, including, for example, succinic acid, adipic acid, fumaric acid, 
and terephthalic acid, have been converted with CDI into the corresponding diimidazo- 
lides, which are generally obtained in very good yield fl],tl21 and can be used due to their 
reactivity for further conversion to other Afunctional systems derived from two carboxyl 
groups. Difficulties were encountered, however, in an attempt to synthesize the diimi- 
dazolides of malonic acids; here, at the stage of the monoimidazolides, decarboxylation 
competes successfully with reaction of the second carboxyl group with CDI. In this case, 
the corresponding monocarboxylic acid imidazolides are obtained preferentially. For 
example, reaction of 2,2-dimethyhnalonic acid with two equivalents of CDI resulted even 
at — 5 °C in formation of the diimidazolide in only 15% yield, whereas the imidazolide 
of isobutyric acid was obtained in 70% yield. [121 

The reaction of carboxylic acids with CDI is surprisingly insensitive to steric hin- 
drance. For example, from 2,4,6-tri-terf-butylbenzoic acid and CDI in refluxing tetra- 
hydrofuran the sterically very crowded Af-(2,4,6-tri-ter^butylbenzoyl)-imidazole was 
obtained in 80% yield. [13] 

Azolides as acylating reagents are, of course, of special interest where the corre- 
sponding halides and anhydrides are not available due to their instability. Since neither 
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formyl chloride nor formic anhydride is stable at ordinary temperatures, the easy for- 
mation of Af-formylimidazole as a formylating reagent was of considerable interest. In 
fact, CDI in dry tetrahydrofiiran at room temperature reacts with the equivalent amount of 
formic acid to give Af-formylimidazole in 85% yield (hygroscopic crystals, m.p. 53- 
55 °C, from tetrahydrofiiran). [141 JV-Formylimidazole is an extremely strong formylating 
reagent, reacting with alcohols to give formic esters and with amines to give formamides 
in exothermic reactions in excellent yields. For example, ferf-butyl alcohol, which due to 
steric hindrance reacts rather slowly with other imidazolides even at higher temperatures, 
produces with JV-formylimidazole the ferf-butylester of formic acid in excellent yield 
even at room temperature. Aliphatic and aromatic amines react with Af-formylimidazole 
in exothermic reactions to give formamides. One very unusual property among imida- 
zolides is the fact that Af-formylimidazole completely decomposes slightly above its 
melting point (at ca. 60 °C) into imidazole and carbon monoxide, 84% of which were 
detected by gas analysis. [14] Because of this instability of Af-formylimidazole it is an 
important advantage to have available a series of azolides of formic acid that are much 
more stable than JV-formylimidazole itself, but still sufficiently reactive for formylation 
reactions: Af-formylbenzimidazole (m.p. 137-139 °C) and JV-formylbenzotriazole (m.p. 
94-96 °C), both prepared from the corresponding Af,W-carbonylbisazoles by reaction 
with formic acid. 



Preparation of Azolides from Carboxylic Acids Using CDI Analogues 

In analogy to the reaction of CDI with carboxylic acids, the even more reactive NJf- 
carbonyldi-l,2,4-triazole [5b ^ has been used instead of CDI in cases where specific 
structural effects require a higher reactivity of the azolide. On the other hand, the 
example of the last paragraph of the preceding section showed that Af,W -carbonyldi- 
benzimidazole [15],[14] and JV^'-carbonyldibenzotriazole [15] have been useful for the 
syntheses of azolides with reduced reactivities when these are essential and sufficient for 
the specific reaction in question. 

In addition to these iV^V'-carbonylbisazoles there exist analogues of similar reactivity 
in which the carbonyl group is replaced by other groups that also react with nucleophiles 
to provide azolides. Closest to CDI is Af,AT-thiocarbonyldiimidazole, which is easily 
prepared from thiophosgene and imidazole.^ 161 Replacement of the carbonyl oxygen 
by the less electronegative sulfur, in comparison to CDI, results in reduced reactivity 
in reactions with nucleophiles. Neutral hydrolysis with water leads at room temperature 
only slowly to imidazole and carbonoxysulfide COS (instead of C0 2 in the hydrolysis 
of CDI). With carboxylic acids, an imidazolide together with COS and imidazole is 
obtained after heating in chloroform or tetrahydrofiiran for several hours. Primary ali- 
phatic and aromatic amines react with A^/V'-thiocarbonyldiimidazole in a 1:2 ratio to 
yield thioureas (see Chapter 4); in a 1 : 1 ratio, however, A^/V'-thiocarbonyldiimidazole 
reacts with primary amines to give a mixture of an isothiocyanate and imidazole^ 
(see Chapter 8). 
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^N-C-N^j + H 2 N-R > 2 L,NH + R-N=C=S 

In contrast to the A^V'-carbonylbisazoles and the corresponding thiocarbonyl com- 
pounds, certain analogues like the AT^V'-carbiminodiimidazole with R = C 6 H 5 (prepared 
from CDI and triphenylphosphine-AT-phenylimide) are remarkably unreactive compared 
to CDI: this compound can be dissolved in aqueous 2 N hydrochloric acid and repreci- 
pitated with ammonia.* 18 ^ The parent compound (R = H) was later prepared by reaction 
of two equivalents of imidazole with cyanogen bromide. Also this AT^T'-carbiminodi- 
imidazole (R = H) is less reactive than CDI. It was used as a condensing agent in both 
aqueous and anhydrous media for the formation of phosphordiester bond [18] (see Chapter 
12.1). 

R 9 






• N-C-N^f 
R = H, C 6 H 5 



A^V / -Carbonyl-2,2 / -biimidazole (A^V / -carbonyl-2,2 / -biimidazyl) prepared from 2,2 '- 
biimidazole and phosgene is relatively unreactive on hydrolysis, and shows reduced 
reactivity in reactions with carboxylic acids. [19] ' [2] 

On the other hand, A^'-sulfinylditaidazole is an extremely reactive analogue of CDI 
prepared by reacting sulfinyl chloride in a 1 : 4 ratio with imidazole in tetrahydrofuran. [20] 
The product is extremely hygroscopic and sensitive to moisture. Therefore, N^V'-sulfi- 
nyldiimidazole is used immediately after separation of the precipitated imidazolium 
chloride in the tetrahydrofuran solution in which it is prepared. Analytically pure A^V'- 
sulfinyldiimidazole (m.p. 78-79 °C) was later obtained by reaction of sulfinyl chloride 
with AT-trimethylsilylimidazole. [21] With alcohols and phenols Ayv'-sulfmyldiimidazole 
reacts exothermally to give esters of sulfurous acid in excellent yields (see Chapter 10). 
With carboxylic acids it yields imidazolides nearly quantitatively at room temperature 
under development of S0 2 , and it can thus be used like CDI for the synthesis of esters, 
amides, peptides, etc (see Chapters 3, 4 and 5). Ar,W-sulfinyldiimidazole was already 
used very shortly after our synthesis by Wieland and Vogeler for peptide synthesis. [22] 

N^ /^N N^ /^N 

' N-SO-N^J |^N-S0 2 -N 



The corresponding A^-sulfonyldiimidazole, prepared from sulfonyl chloride and 
imidazole, is of surprisingly low reactivity in every respect. It forms stable crystals of 
m.p. 141 °C which can be sublimed in vacuum and recrystallized from ethanol without 
alcoholysis. Even in dilute aqueous hydrochloric acid hydrolysis occurs only very slowly. 
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With carboxylic acids there was no activation to carboxylic acid imidazolides observed. 
Reaction with />-toluenesulfonic acid in boiling tetrahydrofuran did not yield the 
/>-toluenesulfonic acid imidazolide, but rather the double />-toluene sulfonate, from which 
JVyV'-sulfonyldiimidazole can be released again quantitatively with imidazole or aniline. 
Only from the melt of water-free /?-toluenesulfonic acid and A/yV'-sulfonyldiimidazole 
at 90 °C /?-toluenesulfonic imidazolide (m.p. 75.5-77 °C; 87% yield) could be 
obtained 1201 (see also Section 10.1.1). 

Of great preparative potential with respect to the activation of carboxylic acids to 
imidazolides is AyV'-oxalyldiimidazole, which reacts with carboxylic acids or their 
sodium or lithium salts under release of CO and CO2 to give imidazolides in excellent 
yield. [23] 

H 



2.2 Azolides of Phosphoric and Phosphorous Acids 

Azolides of Phosphoric Acid (Phosphoric Azolides) 

The preparation of some frequently used mono-, bis-, and trisazolides of phosphoric and 
phosphorous acid is briefly described here and in the following section. Applications will 
be discussed in detail in Chapter 12. 

While monoimidazolides of orthophosphoric acid or its monoester are prepared from 
the corresponding phosphoric acid and CDI, the imidazolide of the diesterphosphate, 
because of its lower nucleophilicity, must be prepared by condensation of the corre- 
sponding chloride with imidazole: t24] 

(C 6 H 5 0) 2 PC1 + ImH THF9?% > ^N-P(OC 6 H 5 ) 2 

The diimidazolide of orthophosphoric acid can again be obtained by conversion of the 
acid with two equivalents of CDI in acetonitrile and triethylamine. Addition of sodium 
iodide permits its isolation as sodium salt. [24] 

norx ^ • ™ (C 2 H,) 3 N ,NaI ^ N^ ° /^N 

H 3 P0 4 + 2CCU.V. CDI c ^ <75% > l^N-P-N^ 

Na© 

Other bisazolides of phosphoric acid include Ophenylphosphoric diimidazolide and 
-ditriazolide; O-phenylphosphoric diimidazolide, for instance, has been prepared from 
phenylphosphordichloridate and four equivalents of imidazole in benzene. 



2.2 Azolides of Phosphoric and Phosphorous Acids 19 

O ^ O 

•» N^ N** 8 ^ " /^N 

C 6 H 5 OPCl 2 + 4equiv. I NH -7 — » 1 N-P-N | 

^/ benzene, 81% i****/ ' \^ 

S QH 5 

The diimidazolide is very hygroscopic. [24] In analogy to CDI it is also called 
"phenoxyphosphoryldiimidazole." Just like CDI, it reacts with carboxylic acids to give 
the corresponding iV-acylimidazoles. 



N-P-N I + R 2 C0 2 H 



OR 



JV + 



N-P-O-C-R 2 
OR 1 






I N-P-OH 
OR 1 



N - ^ •• 2 
I N-C-R 2 



A mixed anhydride probably is formed as an intermediate which is cleaved inter- 
molecularily by the imidazole set free in the first step. For example, reaction with the 
compound in which R^thymyl and R 2 = C6H 5 yielded quantitatively 0-thymylphos- 
phoric imidazolide and benzoylimidazole. [253 "Phosphoryldiimidazoles" are also used as 
condensing agents for the synthesis of amides and peptides, as well as for phosphoryl- 
ations (see Chapters 4, 5 and 12). 

Various chlorophenoxyphosphorylditriazoles, prepared analogously to the phos- 
phoryldiimidazoles from phosphordichloridate and triazole, are frequently used as 
reagents in the phosphorylation of nucleosides (see Chapter 12). 



N^/ 



' \ss-N 



Ar = o-ClCgH^p -C1C 6 H 4 
m-OCJl 4 ,2£<ZJCJl 3 



*Ar 



The condensation of phosphoryltrichloride with imidazole or iV-trimethylsilylimida- 
zole in THF provides (in 65 and 85% yields, respectively) the extremely hygroscopic 
phosphoric acid trisimidazolide [24] , which reacts under effervescence with water or 
alcohols. 





Analogously, the corresponding tristriazolide of phosphoric acid was prepared from 
POCI3 and N-trimethylsilyl-l,2,4-triazole in 60% yield. [26] Both trisazolides are used for 
the phosphorylation of nucleosides. 
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Azolides of Phosphorous Acid 

Tetrazolides of phosphorous acid esters or amides have been developed for the phos- 
phitilation of nucleosides. For instance, the tetrazolide of the diester of phosphorous acid 
(Af-tetrazolyldiethoxyphosphine) can be prepared either from diethylchlorophosphite and 
sodium tetrazolide (Method A) or from diethoxydiisopropylaminophosphine and two 
equivalents of tetrazole. The latter reaction (Method B) was undertaken to verify for- 
mation of a tetrazolide in the activation of phosphoramidites by tetrazole. [27] 



(C 2 H 5 0) 2 PC1 



(C 2 H 5 O) 2 PN(w0-C 3 H 7 ) 2 



Na® "iNJ^l 

N*N 

Method A, 46% N^ 
Method B, 52% 



The ditetrazolide of methylphosphite plays a role in the solid phase synthesis of 
polynucleotides. The ditetrazolide, which is stable for weeks when stored at —20 °C, is 
prepared in a simple condensation reaction between methylphosphordichloridite and two 
equivalents of tetrazole in anhydrous tetrahydrofuran in the presence of 2,4,6-tri- 
methylpyridine. [28] 





POCH 3 

Another convenient phosphitylating reagent for use in an oligodeoxyribonucleotide 
synthesis based on the phosphoramidite approach is bis(tetrazolyl)morpholinophosphine. 
This is generally prepared in situ from morpholinophosphordichloridite containing di- 
isopropylethylamine and two equivalents of tetrazole in dichloromethane/pyridine at 

o C [29],[30] 



2.3 Examples of the Synthesis of Carboxylic Acid 
Imidazolides 

In the preceding sections it has been shown - using the imidazolides as examples - that 
azolides can be prepared easily by a number of different reaction pathways. In view of the 
higher or lower reactivities of other members of the azolide family it becomes evident 
that this class of compounds contributes to a powerful arsenal in synthetic organic 
chemistry. The various reactions these azolides undergo are dealt with in detail in the 
chapters that follow. Since imidazolides are utilized for most of the azolide reactions, 
certain additional information is provided here for this particular group of the azolides. 
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In review articles [2] published about three decades ago, data were presented for about 
100 imidazolides. In the meantime azolide reactions have developed to the point of 
becoming standard reactions, based mainly on imidazolides, so it seemed reasonable to 
underscore once again the structural diversity of the group of azolides. This is done 
mainly in the context of the following syntheses, most of which were essentially 
developed within our research group. 



RC0 2 H + 



X = CO, cs, so 



N*^, 



-xo 



N-C-R + 






Table 2-1. Various carboxylic acid imidazolides prepared by the use of A^'-carbonyldiimid- 
azole (CDI), i^^'-thiocarbonyldiimidazole (Im-CS~Im) and A^'-sulfmyldiimidazole (Im-SO- 
Im). 



Imidazolides 



M.P.(°C) Yield (%) Reagent Ref. 



H-COIm 
CF 3 -COIm 
CCl 3 -COIm 
C l5 H 3l -COIm 
CH3OOC- (CH 2 ) 4 -COIm 



C 6 H 



,-A 



COIm 



53-55 


85 


CDI 


[14] 


136-137 


70 


CDI 


[11] 


39-40 


73 


CDI 


[11] 


81-82 


83 


ImCSIm 


[10] 


63-64 


75 


CDI 


[31] 



118-119 



89 



CDI 



[32] 



QH< 



CftHg r * COIm 

4-CH 3 C 6 H 4 -COIm 

4-[(CH 3 ) 3 C]C 6 H 4 -COIm 

4-[(CH 3 ) 3 C]C 6 H 4 -COIm 

4-[(CH 3 ) 3 C]C 6 H 4 -COIm 

2,4,6-[(CH 3 ) 3 C] 3 C 6 H 2 -COIm 

C 5 H 4 N - COIm (Isonicotinic acid) 

4-(CH 3 ) 2 NC 6 H 4 I*= NC 6 H 4 -COIm 

ImCO-(CH 2 ) 2 -COIm 

ImCO-(CH 2 ) 4 -COIm 

ImCO-(CH 2 ) 4 ~COIm 

H 3 C CH 3 CH 3 CH 3 

^^ CH 3 

(Vitamin A acid imidazolide) 



163 - 164 


97 


CDI 


[32] 


73-74 


80 


CDI 


[12] 


109-110 


95 


CDI 


[12] 


109-110 


83 


ImSOIm 


[19] 


109-110 


84 


ImCSIm 


[10] 


187- 190 


80 


CDI 


[13] 


95 


70 


CDI 


[12] 


97-100 


88 


CDI 


[12] 


167 


84 


CDI 


[12] 


148 - 150 


99 


ImSOIm 


[19] 


146 - 147 


75 


ImCSIm 


[15] 



112-113 



80 



CDI 



[31] 




ImCO 



(Crocetin-diimidazolide) 



COIm 



201 - 203 



92 



CDI 



[33] 
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Table 2—1 lists some examples of carboxylic acid imidazolides of various structures 
prepared by the use of N,W-carbonyldiimidazole (CDI), A^-thiocarbonyldiimidazole 
(ImnCS-Im), and iV^'-sulfinyldiimidazole (Im-SO-Im). Independent of the specific 
method applied, the data in Table 2—1 show that reasonable yields of imidazolides and 
diimidazolides are quite general, irrespective of various substituents and of steric factors. 
The rather mild reaction conditions also permit the formation of imidazolides of highly 
unsaturated systems. As a further advantage, it should be mentioned that almost all 
imidazolides are crystalline compounds, which can be conveniently handled. Melting 
points are therefore included for the imidazolides listed in Table 2-1. 

Following the development of azolide chemistry in the late 50s and mid-60s, a 
number of similar systems were described in which the azole rings are replaced by related 
heterocycles. These compounds share with azolides the characteristic of activation of the 
carbonyl groups toward nucleophilic reactions. Like the azolides, some of these com- 
pounds were introduced as coupling reagents for the synthesis of esters (a), amides (b), 
peptides (c), aldehydes (d), ketones (e), and glycosides (f). The letters in brackets below 
refer to specific reactions for which the compound have been used. The following for- 
mulas depict only a few examples of this group of "azolides in a wider sense." 



O N-CO-R 
n 
O 


(^N-CO-R 


CH, 

C6H 5 '^y^" CO " R s y^" co_r 
s s 


[a, b, c, d] [34] 


la,b,c,d,e,f] [35] 


[a,b] [36] [a] [37] 


o 


HO 

o 


°V~ C ~Y° 

s s 


[a, b, c] 


[38] 


[a,b] [39] 



2.4 Physical Properties of Azolides 

UV/VIS- and IR-Spectra 

The UV-spectra of azolides have already been discussed in the context of hydrolysis 
kinetics in Chapter 1. Specific infrared absorptions of azolides were mentioned there as 
well: increased reactivity of azolides in nucleophilic reactions involving the carbonyl 
group is paralleled by a marked shift in the infrared absorption of the corresponding 
carbonyl bond toward shorter wavelength. For example, for the highly reactive iV-acetyl- 
tetrazole this absorption is found in a frequency range (1780 cm -1 ) that is very unusual 
for amides; obviously the effect is due to electron attraction by the heterocyclic sys- 
tem.^ As mentioned previously in the context of hydrolysis kinetics of both imidazo- 
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lides and 1,2,4-triazolides of substituted benzoic acids, the observed carbonyl wave 
number v c=0 is so closely proportional to log k for neutral hydrolysis that hydrolysis 
rates can be predicted from the infrared spectra within the accuracy range of the kinetic 
method. [40] 

^-NMR- and 13 C-NMR 

The NMR-spectra of azolides are in accordance with their structures and, in general, 
do not show distinctive features that could be correlated with reactivity. [41] In imidazole 
itself, rapid proton exchange between the two nitrogens leads to two absorptions for 
carbon-bound protons in a 2 : 1 ratio due to the apparent equivalence of H* and H 5 ; in N- 
substituted imidazoles there are, of course, three signals for carbon-bound protons (H 2 , 
H4, H5). This is also the case for imidazolides, where a series of JV-acyl- and iV-ben- 
zoylimidazoles has been measured. Surprisingly, for JV-benzoylimidazoles with a wide 
range of donor and acceptor substituents in the /wzra-position the absorptions of the 
imidazole protons are remarkably constant. [41] A characteristic feature of ordinary amides 
is the partial double bond character associated with amide bonds, which rriay lead to syn- 
anti rotamers. In the case of imidazolides and other azolides, however, the barrier for this 
isomerisation is expected to be rather low due to the fact that the lone pair of N(l) is 
partially integrated into the cyclic quasi-aromatic 71-system of the azoles. In fact, in 
earlier ! H-NMR measurements of JV-acetylimidazole and a series of JV-benzoylimidazoles 
in CDCI3 no splitting of ^-NMR signals was observed. This result indicates that in 
azolides the normal amide resonance is greatly reduced, leading to a very small rc-bond 
order for the C- -N-bond of the amide group of an azolide. 

N-a 755 N-a 7 -* 

9.00^-> 873 ^ ^ 8.79^—^8.29 

N ' N 

1 1 

C C 

^ \ 316 3.10 ' ^ 

O CH 3 31C> CH 3 O 

A in CD3COCD3 B 

In later measurements at — 90 °C (100 Mhz, in acetone) for Af-acetylimidazole, 
hindered rotation was found with about 75% of isomer A and 25% of isomer 
B; [42],[43] a rotation barrier AG * of 10 5 kcal/mol (in CHC1 2 F) was determined. [43] ' [44] 
This barrier is considerably lower than those found in normal carboxamides (AG* = 
14—18 kcal/mol); for formamides, where for steric reasons the planar arrangement is less 
hindered, higher values were measured (around 21 kcal/mol). On increasing steric 
hindrance (for example, with 2,4,6-tri-terf-butylbenzoylimidazole) a strong increase in 
the rotation barrier around the C-N bond in imidazolides was observed with AG* of about 
23 kcal/mol. For JV-(2,4,6-tri-ter^butylbenzoyl)benzimidazoles the barrier was in the 
order of 28 kcal/mol, permitting preparative isolation of the isomers by thin-layer 
chromatography on silica at room temperature.* 131 For 13 C-measurements of the rota- 
tional isomers see reference [43]. 
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Dipole Moments 

Dipole moments of azolides have been reviewed, with emphasis on the conformation 
of the acyl group. [44] Unfortunately, structural and conformational studies on azolides by 
X-ray structure analysis are almost totally lacking, although they would be of great 
interest with regard to the conformations and to the bond lengths and bond orders in these 
systems. Only an X-ray analysis of JV-acetyl-4-bromopyrazole C45 * has been reported. 

Mass Spectrometry and Flash Vacuum Pyrolysis 

The mass spectra of azolides are not very specific, since they depend to a large extent 
on the structures of the respective acyl groups. Flash vacuum pyrolyses of azolides has 
been studied for l-acyl-l,2,4-triazoles and benzotriazolides by tandem mass spectrometry 
(MS/MS). [46] Rearrangements of triazolides resulted in the formation of oxazoles. [47] 

Molecular Orbital (MO) Calculations 

For calculations of electronic structures of azolides (CNDO, PCILO, EHMO, INDO 
and Molecular Mechanics Calculation) the interested reader should consult the relevant 
papers. [48] 
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3 Syntheses of Carboxylic and Carbonic 
Esters 



3.1 Syntheses of Carboxylic Esters 

The reaction of a carboxylic acid with A^V'-carbonyldiimidazole^ 1 *"* 33 (abbreviated as 
CDI), forming an imidazolide as the first step followed by alcoholysis or phenolysis of 
the imidazolide (second step), constitutes a synthesis of esters that differs from most other 
methods by virtue of its particularly mild reaction conditions. t43 ' [5] It may be conducted in 
two separate steps with isolation of the carboxylic acid imidazolide, but more frequently 
the synthesis is carried out as a one-pot reaction without isolation of the intermediate. 
Equimolar amounts of carboxylic acid, alcohol, and CDI are allowed to react in anhyd- 
rous tetrahydrofuran, benzene, trichloromethane, dichloromethane, dimethylformamide, 
or nitromethane to give the ester in high yield. The solvents should be anhydrous because 
of the moisture sensitivity of CDI (see Chapter 2). Even such unusual solvent as 
supercritical carbon dioxide at a pressure of 3000 psi and a temperature of 36-68 °C has 
been used for esterification with azolides. t6] 

fiiststep: R'COjH + l^sJ*' '**^ ^ L*/**' "* + iL/* 1 * * ^ 

second step: iN-C-R 1 + RH)H >► &COJL 2 + 7 NH 



3.1.1 Reactions of Imidazolides with Alcohols 

The second step, nucleophilic attack of an alcohol or phenol on the activated carboxylic 
acid RCOIm (carboxylic acid imidazolide), is usually slow (several hours), but it can be 
accelerated by heating^ 73 or by adding a base t8] * t93 such as NaH, NaNH 2 , imidazole 
sodium (ImNa), NaOR, triethylamine, diazabicyclononene (DBN), diazabicycloundecene 
(DBU), or /7-dimethylaminopyridine to the reaction mixture (see Tables 3-1 and 3-2). 
This causes the alcohol to become more nucleophilic. Sodium alcoholate applied in cata- 
lytic amounts accelerates the ester synthesis to such an extent that even at room tem- 
perature esterification is complete after a short time, usually within a few minutes. [7H9] 
This catalysis is a result of the fact that alcoholate reacts with the imidazolide very 
rapidly, forming the ester and imidazole sodium. 
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^N-CO-R' + R 2 O Na® > R'C0 2 R 2 + 'Q^Na® 

I N^Na^ + R 2 OH < > R 2 ONa + JInH 

The resulting imidazole anion is in equilibrium with the alcoholate, because the 
acidity constants of alcohols and imidazole are of the same order of magnitude. Hence, 
alcoholate is constantly supplied as long as it is used up by its reaction with the imi- 
dazolide. In agreement with this explanation, imidazole sodium or other alkali metal 
compounds capable of converting alcohols to alcoholates (e.g. sodium amide) may be 
used to initiate the catalytic cycle. In the presence of these catalysts, CDI itself reacts 
with alcohols to give carbonic esters, so in an ester synthesis based on one-pot procedure 
the catalyst must be added only after the reaction of CDI with the carboxylic acid has 
proceeded to the imidazolide stage, as indicated by ceasing of C0 2 evolution. An 
approximately 0.05 mol-% solution of sodium alcoholate or imidazole sodium is usually 
used, easily prepared by dissolving sodium in alcohol or in a tetrahydrofuran solution of 
imidazole. 

If in the ester synthesis CDI is introduced in excess and benzene is used as solvent 
without any base, treatment of the reaction mixture after the first step with Sephadex LH- 
20 is recommended in order to remove the abundant CDI and thereby eliminate possible 
reactive by-products such as imidazolecarboxylates (ImCOOR). [10] 

The imidazolide method catalyzed by base permits even esters of polyenecarboxylic 
acids and polyene alcohols [e.g. the indicated esters of the vitamin A group (see Table 
3-1)] to be obtained in excellent yields. The same is true for esters of sterically hindered 
carboxylic acids and sterically hindered alcohols (e.g., tertiary alcohols), in which case 
use of a basic catalyst is indispensible. For example, terf-butylbenzoate was obtained 
with base catalysis in 91% yield, but only in 5% yield without base even under reflux and 
longer reaction time. Under the latter conditions the reaction with primary and secondary 
alcohols provided benzoic esters in 75-85% yield. [9] ' [11] However, this imidazolide 
method with base catalysis cannot be used for esters of tertiary alcohols and carboxylic 
acids containing acidic hydrogen atoms on the a-C atom, since in this case the reaction 
leads to C-C condensation. Thus, JV-acetylimidazole and tert-butanol, in contrast to 
primary or secondary alcohols, could not be converted into the corresponding ester with 
sodium tert-butanolate as catalyst. Instead, dehydroacetic acid was formed via hydrolysis 
of the intermediate sodium enolate of acetoacetic acid imidazolide. Also JV-propionyl- 
imidazole and terf-butanol in the presence of sodium terf-butanolate underwent a C-C 
condensation to give the 2-propionylpropionic tert-butyl ester. Aliphatic imidazolides, 
however, for which the C-C condensation is rendered more difficult or impossible (e.g. 
imidazolides of isobutyric acid and pivalic acid), could be easily converted into the tert- 
butyl esters by the catalyzed method. [9] 

Esterification of a dicarboxylic acid such as terephthalic acid via the diimidazolides 
with diols readily leads to the corresponding polyesters. [12] 

Cytostatically active esters of 1- or 2-ethyleneimino-2-hydroxy-3-butene, which are 
difficult to obtain by conventional methods because of the sensitivity of the unsaturated 
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alcohol component, have been synthesized in excellent yields by the imidazolide method 
with reaction times of only a few minutes at room temperature. In this case the superiority 
of the base-catalyzed ester synthesis with acetylimidazole is convincingly demonstrated: 

HOCHCH 2 N^ CH ? C0Im > CH 3 C0 2 CHCH 2 N^ 
CH=CH 2 CH=CH 2 

While in the uncatalyzed reaction of l-ethyleneimino-2-hydroxy-3-butene in THF, 
refluxing for four hours was necessary to produce 70% of the ester, in the presence of 
NaNH 2 a 90% yield was achieved at room temperature after only five minutes. [13] ' [14] 

An especially interesting example of the use of the imidazolide method for ester 
synthesis is illustrated by the total synthesis of actinomycin C 3 . [15] ' [16] Working with N- 
protected L-N-methylvaline and CDI, esterification of the hydroxyl group on the threo- 
nine residue proved successful whereas this could not be accomplished by any of the 
conventional methods. 



Sar - OCH 2 C 6 H 5 Sar - OCH 2 C 6 H 5 

Pro Pro 

d -cc-Ileu d -a-Ileu Z-(NCH 3 )yal 

1 ? ir Z-(NCH3)Val/CDI _ ^ ° 

CO ^ CO 



OCH 2 C5ri5 
CH 3 CH 3 

/7-Nitrophenyl esters of amino acids, which are important for peptide syntheses, have 
been obtained in a one-pot reaction from Af-protected amino acids, CDI, and/7-nitro- 
phenol at room temperature; however, better yields of these esters could be achieved by 
use of AT-trifluoroacetylimidazole. In this reaction a mixed anhydride is presumably 
formed as an intermediate, which then acylates the alcohol component: [17] 



2 

R'O^H + CF 3 COIm ~ lmH > R'-C-O-C-CE, + *ffi„ > R'CO^ 



CF 3 C0 2 H 

By the way, N-trifluoroacetylimidazole and iV-trichloroacetylimidazole are both such 
remarkably strong acylation agents that base catalysis is not necessary in their reactions 
with alcohols to the corresponding esters. [18],[19] 

In general, phenolic hydroxyl groups in complex molecules, which could not be 
esterified by the usual methods, were smoothly acylated with imidazolides. For example, 
a cyclohexapeptide containing two tyrosine groups reacts with 3,5-dinitrobenzoyl- 
imidazole to give a 95% yield of the crude bis-3,5-dinitrobenzoate. [20] 
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Since the imidazolide method proceeds almost quantitatively, it has been used for the 
synthesis of isotopically labeled esters (see also Section 3.2), and it is always useful for 
the esterification of sensitive carboxylic acids, alcohols, and phenols under mild condi- 
tions. This advantage has been utilized in biochemistry for the study of transacylating 
enzymes. A number of enzymatic transacylations (e.g., those catalyzed by a-chymo- 
trypsin) have been shown to proceed in two steps: an acyl group is first transferred from 
the substrate to the enzyme to form an acyl enzyme, which is then deacylated in a second 
step. In this context it has been shown t21] that a-chymotrypsin is rapidly and quantita- 
tively acylated by Af-fraws-cinnamoylimidazole to give *ran^cinnamoyl-a-chymotrypsin, 
which can be isolated in preparative quantities and retains its enzymatic activity (see also 
Chapter 6). 



3.1.2 Typical Procedures for the Preparation of Carboxylic Esters 

a) Using isolated imidazolide 

tert-Butyl formate^ A mixture of 9.8 g (102 mmol) of Af-formylimidazole and 7.3 g 
(98.5 mmol) of anhydrous terf-butyl alcohol was stirred for two hours, in the course of 
which the imidazolide dissolved completely. After standing for 12 h, distillation directly 
from the reaction flask yielded 7.93 g (78%) of the ester, with b.p. 82-33 °C. 

b) Using a one-pot reaction without base catalysis 

Ethyl cinnamate [7] To 2.96 g (20.0 mmol) of cinnamic acid in 25 mL of anhydrous 
THF 3.24 g (20.0 mmol) of CDI was added. When C0 2 evolution had ceased, 5 mL of 
ethanol was added and the mixture was refluxed for 30 min. After concentration in a 
rotary evaporator the residue was taken up in 100 mL of diethylether and extracted three 
times each with 50 mL of water. After drying of the ethereal solution and concentration 
in vacuo the residue was distilled to give ethyl cinnamate (b.p. 145—147 °C/17 mm) in 
80% yield. 

c) Using a one-pot reaction with base catalysis 

Methylretinoate^ To a suspension of 2.37 g (7.9 mmol) of retinoic acid in 50 mL of 
benzene 1.34 g (8.3 mmol) of CDI was added under nitrogen. The mixture was stirred for 
four hours and then refluxed for a few minutes before concentrating in vacuo. The 
crystalline residue was dissolved in 45 mL of anhydrous methanol and treated under 
nitrogen with a solution of 0.15 g (8 mmol) of sodium in 15 mL of methanol. After 
standing for 12 h the excess methanol was removed in vacuo and the residue shaken with 
water. On cooling in the refrigerator 2.25 g (91%) of crude material (m.p. 51-55 °C) was 
obtained which after recrystallization from methanol/water (6 : 1) provided 1.66 g (70%) 
slightly yellow needles with m.p. 55.5-56.5 °C. 

By this method numerous carboxylic esters have been prepared as is shown in Table 
3-1. Diesters are compiled in Table 3-2. 
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Table 3-1. Monoesters prepared from carboxylic acids and alcohols or phenols using iV^'-carbonyldiimid- 
azole (CDI), N-acylimidazole (RCOIm), or W^'-sulfinyldiimidazole (ImSOIm). 



Ester 



Coupling 
reagent 



Yield (%) Ref. 



HC0 2 CH 3 

HC0 2 (CH 2 ) 2 CH(CH 3 ) 2 
HC0 2 -tert-CJU 



HCO. 




CH, 



HCO 



H 3 C Q-lert-CJh 



HCO 2 (CH 2 ), CH=CHC 4 H 9 
CHjCOAH* 

CH,C0 2 CH 2 CHN^ 
CH»CH 2 

CH 3 C0 2 CHCH 2 N^ 
CH=CH 2 

CH 3 C0 2 -rcrinyl 

'O COCH 3 

CH 3 C0 2 CH 2 CH -CHCgHj 
CF 3 C0 2 -c-C 6 H M 

(X1 3 C0 2 (CH 2 ) 2 CH(CH 3 ) 2 



CDI 


80 


[22] 


CDI 


80 


[221 


CDI 


78 


[22] 



HCOIm 



HCOIm 



71 



87 



[23] 



[24] 



CDI/ImNa 


79 


[25] 


CH 3 COIm 


57 


[6]» 


CH 3 COIm/NaNH 2 


90 


[13] »> 
[8] '> 


CH 3 COIm / NaNH 2 


72 


[14] »> 


CHjCOIm/ImNa 


66 


[8],[9] 


CH 3 COIm/NaH 


80 


[26] 


CH 3 COIm/ Nairn 


78 


[9] 


CF 3 COIm 


73 


[19] 




67 


[18] 


CCl 3 COIm 


84 


[19] 



QHnCC^CH/ 

CH 3 CH 3 CH 3 

C.sH^COzCH.CH =CHQH 5 



CDI 



87 



C, 3 H 3l COIm/ImNa 80 



[27] 



[8U9] 



C 6 H,(CH 2 ) 15 CO : 



O 
A 

HN NH 




S ^ S / ^(CH 2 ) 4 CNH(CH 



O 
2 ) 5 C0 2 -N^ 



CDI / alcoholate 68 



CDI 



61 



[28][29]'> 



[30] 
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Table 3-1. {continued) 



Ester 



Coupling 
reagent 



Yield (%) Ref. 



o 
Q;\.(CH 2 ) 2 C0 2 -Np 



CDI 



CH ' h 






CH 2 =CH(CH 2 ) 3 C0 2 -f y 




CDI 


y ms / 
CH 3 






/^y s v^\ 






cK$\jk s y^/ 




CDI 


o 

C9H |9C0 2 (CH 2 ) 2 






H3C V^V CH3 

QH 5 2 SN s J 
C^ 5 CH 2 <XCH 2 ) 2 CH(CH 3 )CH 2 a)2V^ 


CH3 


CDI/alcoholate 


C 6 H 5 COCH 2 OCO(CH 2 ) 4 aCO 






THPO A H3 f ?H 2 




CDI/DBN 



70 



95 



63 



65 



52 



[31] 



[32] 



[33] 



[34] 



[35] 



CH, 



CH 



CH2C0,CH 2 CHCO 2 H 




CDI 


^J/V-CH, C ' H ' 






COC 6 H 4 -p-Cl 






^-^J)-C0 2 H ® H C0,CH 2 - 
Ci 


O 

-N Vo 
\ — / 


CDI 


(CH 3 ) 2 CHC02C(CH 3 ) 3 




(CH 3 ) 2 CHCOIm/ 


.^^ ,CO r wo-C 3 H 7 

JO?' 




alcoholate 
CDI / alcoholate 


H,CO'^ As -^ 






CONH 2 






C 6 H,CHC0 2 (CH 2 ) 2 N(C2H 5 ) 2 




CDI/NaH 



81 



[36] ,] 



85 



70 



98 



57 



[37][38] 



[8][9] 



[39] 



[40] 
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Table 3-1. {continued) 



Ester 



Coupling 
reagent 



Yield (%) Ref. 



06 

CO r wo-C 3 H 7 



CHC0 2 CH 3 
CH 3 



C0 2 C 6 H 5 



o o 



CH, 



C^CHz- N^>-C0 2 - wo -C 3 H 7 
CHC 



C0,CH 3 
CHCH 2 NH-Boc 



C1CH 2 CH 2 N CONH CHCO r n-QR, 

NO CH 3 

(C 6 H 5 ) 2 CHC0 2 C 2 H 5 
(CH 3 ) 3 CC0 2 C(CH 3 ) 3 



/v H 



|^^N(CH 3 ) 2 
C0 2 C 2 H 5 



NCH, 




(C 6 H 5 ) 2 CC0 2 H 
HO 

Q 




CI 



(C 6 H 5 ) 2 CC0 2 H 



OH 



R 
-(CH 2 ) 4 - 
-CH 2 CH=CHCH 2 



Q 



-CH 2 CH 2 - 
-(CHaWCHj)!- 



CDI/N(C 2 H 5 ) 3 



CDI 



CDI 



CDI 



CDI 



CDI 



quant. 



80 



70 



68 



86 



70 
62 



54 



60 



[41] '> 



[42] 



[42] 



CDI / alcoholate 


86 


[43] 


CDI / p-dimethyl- 


75 


[44] 


aminopyridine 







[45] 



(C^^CHCOIm 


71 


[46] 


(CH 3 ) 3 CCOIm/ 


64 


[819] 


alcoholate 






CDI /alcoholate 


64 


[47] ' 



[48] 



[49] !) 
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Table 3-1. {continued) 



Ester 



Coupling 
reagent 



Yield (%) Ref. 



O CH3CH3 
tert -C^CCHjCH-COCOCT^ 
C0 2 CH 2 



CDI/NaH 



62 




HO 



C0 2 CH 2 CH=C(CH 3 ) 2 



C 6 H5 X */OH 
p-IC 6 H 4 ^ V C0 2 4^V| 
N 



CH3 ^--2"5 

CH 3 CH=C- CO, "CH (C=C) 2 CH =CHC0 2 CH 3 
Z E 

CH 3 CH 3 

CH 3 ^^^\x^^ C0 2 C 6H 4 -/> -C 2 H 5 

retinoyl-OCH 3 (methyl retinoate) 
retinoyl-0(CH 2 CH 2 0) 2 CH 3 

retinoyl-OCHCH 2 N^ 
CH«CH 2 



CDI/BuU 



85 



RR 


CDI 


73 


SR 


CDI 


75 


RS 


CDI 


80 


SS 


CDI 


70 




CDI/ImNa 


60 




CDI/NaH 


31 




CDI / alcoholate 


70 




CDI 


47 



retinoyl-i 



CH 3 



retinoyl-Im / NaNH 2 83 



retinoyl-Im / ImNa 75 



[50J 



[51] » 



[52] »> 



[53] 

[54] 

[8][9] ,J 
[55] 

[13] 
[56] 



CH, CH, CH 3 CH 3 

^X^^^^w^^Aj^CHjCOjCHj 


fluororetinoyl-Im / 
ImNa 




[57] ■> 


R' = H , R 2 = F 




40 




R' = F, r 2 = h 




30 




retinoyl-O-retinyl 


retinoyl-Im / ImNa 


73 


[8][9] 


j^^S^ C °2< CH 2)2 N ( CH 3)CH2C 6 H5 

H,C^N^CH 2 SC 6 H 5 
H 


CDI 


91 


[58] »> 
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Table 3-1. {continued) 



Ester 



Coupling 
reagent 



Yield (%) Ref. 



X J-C0,CH; 



cr o 




och 3 
co 2 ch 3 



CDI 



83 



[59] J > 



C 6 H 3 CH=CHC0 2 CH 3 
C 6 H 3 C0 2 C 2 H 3 
C 6 H $ C0 2 C 6 H 5 
C 6 H 5 CH=CHC0 2 C 2 H 5 

C 6 H 3 CH=CHC0 2 CHCH 2 n3 
CH=CH 2 

C 6 H 3 C0 2 CH 2 C 6 H 3 
C 6 H 5 C0 2 CH 2 CH =CHC 6 H 5 

C 6 H 5 C0 2 CHCH 2 N^ 
CH»CH 2 

CJl<COrtert-C A Uo 



>S^SXV^ 



p-CjHjC^COzCHz 



ten -C 4 H 9 C 6 H 4 C0 2 C(CH 3 )3 



CH 3 



CH, 



p-IC^CO, 



CH 3 NH 





co 2 -^/Qn-ch 3 



(CH 3 ) 3 



a 



3 co-o-co-f V< 



C0 2 CH 3 
CO-0-0-C(CH 3 ) 3 



C0 2 CHi 



CDI / aicoholate 


72 


CDI 


75 


CDI 


85 


CDI 


80 


C 6 H 5 CH=CHCOIm/ 


79 


Nairn 




CDI / aicoholate 


89 


RCOIm/ImNa 


85 



CftHjCOIm/NaNHj 87 

CDI /aicoholate 91 

CDI/DBU 91 



CDI 



74 



tert-C 4 }fyCJl A COlm/75 
aicoholate 



CDI/NaH 



CDI/ 

Li tropanolate 



CDI 



CDI 



69 



89 



80 



80 



[8][9] 
[71 
[7] 
[7] 

[13] 

[8][9] 

[13] '> 

[8][9] 
[60] » 

[54] 
[8][93 



[61] 



[62] 



[63] 



[63] 



D.3) 
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Table 3-1. (continued) 



Ester 



Coupling 
reagent 



Yield (%) Ref. 



H 3 C P8 H I7 




C0 2 C$H 4 OC7H 1 5 



O 

a 



C0 2 N=C(CH 3 ) 2 



CH 3 N 

C 6 H 4 -p-Cl 

CF 3 CONHCH 2 C0 2 CH 2 CH=CH 2 
Boc-Ala-OCH 2 COCH 3 



CDI 



CDI / alcoholate 



CDI 



CDI 
CDI 



93 



52 



67 



73 
80 



[64] 



[65]" 



[66] 



[67] 
[68] 



<v 



Boc-NHCH 2 CO,CH 



COCO- NHCH 2 C0 2 C 6 H 5 



JO 

S^NH-C-CH, S 



c=o 

e6 Na © 



Z-AIa-OCH 2 C0 2 H 



Z-AIa-OC 6 H 4 -p-N0 2 

Z-AIa-OC 6 H 4 -p-N0 2 

Z-Asp-OC 6 H 4 -/>-N0 2 

Z-GIu-OC 6 H4-p-N0 2 

Z~Pro-OC 6 H4-/?-N0 2 

Z -(OCH 3 )-Tyr -OQHrP -N0 2 

Z.-Arg-OQ^-p-NOj 

Z 3 -Arg-OC 6 H 4 -p-N0 2 

Boc- Ala -Lac-OCHjQH, 

Boc- AIa-Lac-Lac-OCH 2 C 6 H 3 

Z (D) 

Boc-Lys -O-CH -CQjCHjCjHs 
CH(CH 3 ) 2 



CDI 



CDI 



59 



59 



Z-Ala-OC 6 H 4 -p-N0 2 / 




ImH 


75 


CDI 


30 


CF 3 COIm 


72 


CF 3 COIm 


66 


CF 3 COIm 


65 


CF 3 COIm 


79 


CDI 


40 


CDI 


52 


CF 3 COIm 


80 


CDI 


68 


CDI 


65 



CDI 



[69] 



170] 



quant. 



[71] 
[17] 
[17] 
[17] 
[17] 
[17] 
[17] 
[17] 
[17] 
[72] 
[72] 

[73] 
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Table 3-1. {continued) 



Ester 



Coupling 
reagent 



Yield (%) Ref. 



Boc- Lys -O-CH -COjCHjC^ 
CH(CH 3 ) 2 

(D) 

Boc- Val -O-CH -COjCHjC^ 
OTCH,), 

Boc-Leu -O-CH -C0 2 CH 2 C 6 H 5 
CH2CH 2 SCH 3 

Boc - d- Val -O-L- Lac-0CH 2 C 6 H 5 
Z - Val -O CHCO r f erf -QH, 

(D) 

z 

Z-Gly-O-Ser-OH 

HNCOC 6 H 5 

C 6 H 5 CO- Phe-O CH 2 CH 2 C 6 H 5 

CH(CH 3 ) 2 
Boc - d- Val -O CH C0 2 CH 2 C 6 H 3 

(D) 

CH(CH 3 ) 2 
Z-o- Val -OCH C0 2 NHNH - Boc 

(D) 

(CH 2 ) 8 CH 3 
Z - Val - OCHCH,CO- tert -C 4 H 9 
O 



CH(CH 3 ) 2 



CH(CH 3 ) 2 



L,D 
UL 



THP-OCH-C-D-Val-OCH~C-D-Val-OCH 2 C 6 H s 

it it l 

(D) (D) {J 

Boc-NHCH-O-Tyr-OH 
cyclo-(Gly-Tyr-Gly) 2 bis-3,5-dinitrobenzoate 

QH\ # H H 
THP- 



CDI 



CDI 



CDI 



CDI 



CDI/ImNa 



CDI 



quant. 



quant. 



69 



65 



59 
69 



52 



CDl/N(C 2 H 5 ) 3 52 

SXNO^C^COIm 75 



: a H W H H O C 6 H^H H o 



CDI/lmNa 



O CH 3 CH 3 



O CH 3 CH 3 



CH 3 -/ VcO-Thr - D-a-Ileu-Pro-Sar-OCH 2 C 6 H s 
V^A 6- Z- L-(CH 3 N)Val 

OCH 2 C 6 H 5 2 



CDI 



83 



25 



[73] 



[74] 



[75] 



CDI 


97 




[74] 


CDI 


81 




[76] 


CDI 


68 




[77] 


CDI 


78 




[78r> 


CDI 


65 


(LL) 


[79][80] ° 


CDI 


90 




[71] 



|71] 

1811 

17 ll 41 

[82] 
120] 

[83H85] 
[86] 



5) 
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Table 3-2. Diesters prepared from carboxylic acids and alcohols using iV^'-carbonyldiimidazole 
(CDI). 



Ester 



Coupling 
reagent 



Yield (%) Ref. 



CH, 



CH, 



/»-CIC 6 H 4 OC-C0 2 (CH 2 ) 3 OCO-COC 6 H 4 -p-a 
CH, CH3 



C 5 H„C0,CH : 
,0, 



C 5 H„CO,CH 



CHzOR' 



rVo-CH, 

H 

r'o^ : 



R 1 - R- = (E)CH,CH=C(CH3)CO 
R 1 = R 2 = (CH,) 2 C(OH)CO 

OKN-CHiCO, H OCOCH 2 -N^-0 

a" 



HN 



NH 



a 



,o^° 



CDI 



48 



CDI/CHjSOCH 2 Na 93 



CDI/ImNa 
CDI 



CDI 



CDI 



53 
95 



94 



87 



[87] 



[65] 



[881 
1881 



[37] 



[891 



CHyOjC -(CH 2 ) 4 -CO,CH, 



CDl/alcoholate 84 



[8W7] 



P:n-k:h 2 -ch-o/?-(Ch 2 ) 4 -co 2 chch 2 -nC] 
ch«ch 2 ch»ch 2 

p -C 2 H,O,CC 6 H 4 C0,C 2 H 5 



OO O fl 

ROCtCHjJjCCOCH^CH^^OaCH^JjCDR R = CH 3 ImH / DCC 

R = c-C 6 H„ 



ImOC(CH 2 ) 4 COIm/ 


43 


[14J 


ImNa 






lmOCC 6 H 4 COIm 


90 


[121 


ImH /DCC 


quant 
35% 


[901 *> 



!) For further examples see the references cited 

2) Isolated as cyclohexylammonium salt from (4-) ROH and (-) ROH, respectively 

3) Isolated as hydrogenmaleate 

4) After deprotection 

5) No racemization 

6) MW of diimidazolide -2000 
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Remarks associated with Table 3—1 : In ref. [43] the authors claim that one equivalent 
of alkoxide is necessary on a preparative scale instead of catalytic amounts. As an 
explanation they quote the difference between ihepk A of imidazole (pk A = 14.17) and that 
of alcohols (pk A = 18-19). This conclusion, however, seems to be erroneous, because of 
the higher nucleophilicity of the RO e in comparison to imidazole anion must also be 
taken into account. In ref. [56] rf-a-tocopherol was also converted into the retinoate in 
96% yield. The imidazolide in ref. [47] is easily formed despite steric hindrance of the 
carboxyl group. With the diastereomeric carboxylic acid an epimerization was observed 
during formation of the imidazolide. The method in ref. [60] with diazabicycloundecane 
as base was not applicable to either pivalic acid (less than 10% yield even after prolonged 
heating at 80 °C) or JV-acyl-a-amino acids (complex mixtures, probably by oxazolone 
formation and subsequent reactions). In reference [71] the imidazolide was generated in 
situ from the active /?-nitrophenylester and imidazole. The yield of the ester in ref. [80] 
was only 15% if benzenesulfonyl chloride was used instead of CDI. A peptolide of N- 
protected methylvaline and an Af-protected Ser-Ala-tert-OC 4 H 9 prepared by CDI is 
described in reference [91]. With Z^'-dimethyl-A^iV'-carbonyldiimidazole as condensing 
agent the yields were lower tjian with CDI. 

Appendix to Tables 3-1 and 3—2: Other esters, especially of natural products, syn- 
thesized by the CDI method but not mentioned in the tables include: steroidal esters of a- 
amino acids, [92] of alkanoic acids, [93] of a chiral alkanoic acid [94] and of iodobenzoic 
acids; t61],t95] mono esters from ursodeoxycholic acid and polyglycols; t96] di- and tetra- 
esters of succinic acid and steroidal alcohols, such as androgens and progestagens; [97],[98] 
depsides (aroylation of phenol derivatives); 1 " 1 mono- and diacylation of glycerylphos- 
phatidylcholines with various carboxylic acids; tl00H103] acylcarnitines; [104] 18-deoxy- 
reserpic esters; [105] bilirubindiesters and glucuronides; ll06] pyropheophorbide-glycol- 
ester; [107] high molecular peptolide. [108] 



3.1.3 Reactions with AyV'-Oxalyldiimidazole 

Similarly applicable for ester syntheses as CDI is A^'-oxalyldiimidazole, which was first 
described in reference [109]. It has been used to convert not only carboxylic acids but 
also metal carboxylates into the corresponding imidazolides. fno] Typical reaction con- 
ditions for the reactions with oxalyldiimidazole are: for the first step 1—2 h, 
25-45 °C, and for the second step 4 h, room temperature if X = H; if X = Li or Na, if 
60 °C and DMF as solvent. In the latter case the resulting Lilm or Nairn function as 

catalysts in the conversion of alcohol into the alcoholate. Results are given in Table 3— 
3 [no] 

T N-C-C-N J 

^^ ^^ CH 3 OH 

RC0 2 X ^ RCOIm ^ RC0 2 CH 3 

-CO , -CO, 



40 
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Table 3-3. Esters prepared with ImCOCOIm. 



RC0 2 X 


RC0 2 CH 3 


Yield (%) 


linoleic acid 


methyl linoleate 


79 


lithium linoleate 


methyl linoleate 


72 


sodium linoleate 


methyl linoleate 


85 


linolenic acid 


methyl linoleate 


78 


arachidonic acid 


methyl arachidonate 


72 



Further examples are mentioned in the reference [110] 



A base-catalyzed (tert-C^gOK) reaction of N^'-oxalyldiimidazole, prepared in situ 
from oxalyldichloride and imidazole, to give methyl linoleate (93%) is described in 
reference [111]. 



3.1.4 Selectivity of Reactions with Imidazolides 



a) For the esterification of anthranilic acid and analogues it is necessary to protect the 
strongly nucleophilic amino group and reduce its nucleophilicity in the following 
way: 



[112] 



a. 




NHCOCF3 




CDI 




^sNHCOCF 3 


ten -C^OH / ten -QlijONa 

^ 


C0 2 H 








_ COIm 


NHCOCF3 




NaBH 4 




^ NH 2 


C0 2 -terf-C< 


>H 9 


77% 




L JL 

^^^COj-ieit-C 


4 H 9 



b) In the reaction of pyridinoindolecarboxylic acid with 3-hydroxymethylpiperidine 
the nucleophilic NH group of the alcohol component must be protected in order to obtain 
the corresponding ester. [113] 



OXi 



CDI 



N 



CO,H ™> 




HOCH; 



-O/ 



ImNa 



COIm 



50% 



O&a 



C0 2 CH 2 - 






H 2 (Pd) 



H 



N 



65% 




C0 2 CH 2 



H 
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In the case of 2-(2-hydroxyethyl)piperidine it is not necessary to protect the NH group 
because of steric hindrance at this position. The imino function within the pyridinoindole 
is not nucleophilic enough to react with CDI. 

For analogous syntheses of /?-enamino esters or o-aminophenyl esters see references 
[114] and [115], respectively. 

c) A selective acylation of a primary alcohol in the presence of a secondary alcohol 
group is shown in reference [116]: 



HO CH 2 OH 

i CH J 
/MAy CH 3 CH 3 COIm 



ch, °-t-ch, 



CH, 



DBU, 95% 




CH 3 O-^ 



CH, 



CH, 



A further example is given in reference [88]: Selective esterification of retronecine, 
the dialcoholic component of a pyrolizidine alkaloid, by the imidazolide method was 
found to be superior to the acid chloride/pyridine method. Acylation of the 9-position of 
retronecine with tiglic acid, pivalic acid, isobutyric acid, and propionic acid was inves- 
tigated concerning the steric requirement of the carboxylic acid. 



H Q H , CH 2 OH 

<*P\ RCQ 2 H/CDIorRCOIm 

V-N^/ 2 THF 



H( J H CH 2 2 CR 

to 



Retronecine 



Yield of C9-monoester (%) 



(£)-CH 3 CH=C(CH 3 ) 

terf-C 4 H 9 

(CH 3 ) 2 CH 

C 3 H 7 



1} In CHC1 3 

2) With acid chloride/pyridine 



40; 
75 
60: 
40 



50 ! > 

35 2 > 
25 2) 
20 2) 



A similar example is found in reference [117]. 

d) Selective acylation of a secondary OH-group in the presence of a primary OH- 
group can be achieved as in the glycerylphosphatidyl choline by protecting the primary 
OH-group with the trityl group, which can be removed after acylation. [118] 



42 
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CHjOQQH,), 
CHOH o 



CH 2 0-P-0(CH 2 ) 2 N(CH 3 ), 

lo -'e 



1. oleic acid /CDI 
2.CH 3 SOCH 3 /Na 

74% 



CH 2 OC{CJA 5 ), 

I ?\ 

CHOC(CH 2 )7CH =CHC 8 H l7 



O 

ii 



€> 



CH 2 0-P-0(CH 2 )2N(CH3)3 



e) In the acylation of verrucarol the secondary OH-group reacts in preference to the 
crowded primary group, thus depending on the reaction conditions, the two OH-groups 
can be successively acylated by two different carboxylic acids. [35] 



OH 
CH 2 






1. C 6 H3COCH 2 2 C(CH 2 ) 4 C0 2 H 
CDI, benzene, room temp. 

2. DBN, room temp., 48 h 



54% 



H 

Verrucarol 



DBN = l,5-diazabicyclo[4.3.0]non-3-ene 



C 6 H 5 C0CH 2 O 2 C(CH 2 ) 4 CO, < 
■> IO-! 



CH, 



OH 
H 3? CH, 




CH 3 



1. THP-CKCH^C-CHjCOjH /CDI 

OH 

room temp. 

2. DBN, 50 °C, 48 h, 32% 

CH 3 
THP-OtCH^C-CO, 



C 6 H 5 COCH : 



OH| 
H 3? CH, 



IAC(CH a ) 4 CO I ^^J^p' 



f) A selective synthesis of 1-palmitoylglycerylphosphatidyl-A^-tritylaminoethanol 
from glyerol-3-phospho-AT-tritylaminoethanol via the dipalmitoyl derivative is described 
in reference [119]. 



CH 2 OH 

CHOH o @ 

CH 2 -P-0(CH 2 ) 2 NH 2 C(C 6 H 5 ) 3 



e g 

C 15 H 3l COIm / CH 3 SOCH 2 Na 



67% 



121 







O 
CH 2 OCC 15 H 3l 

O 
CHOCC 15 H 3 , 

O © 

CH 2 -P-CKCH 2 )2NH 2 C(C 6 H 5 ) 3 



|0| 



e 



o 

ii 

phospholipase A 2 CH 2 OCC 15 H 3 , 

> CHOH o @ 

CH 2 -P-0(CH 2 ) 2 NH 2 C(C 6 H 5 ) 3 
|0| 

e 



3.1 Syntheses of Carboxylic Esters 43 

Examples for analogous reactions with polymer-bound bases such as 1,5,7-triazabi- 
cyclo[4.4.0]dec-5-ene or l,8-diazabicyclo[5.4.0]undec-7-ene [DBU] are given in 
reference [120]. 

g) Monoacylation of diols like cyclohexane-l,4-diols can be achieved in 50-80% 
yield if a high (~ sevenfold) excess of the diol is utilized. [113] 




-OXi 



cor^=^V° H 



h) 2-Phenylindan-l,3-dione reacts with CDI in the form of a vinylogous acid to give 
with methanol the vinylogous ester: [121] 

//° r /? 1 o 

(i^^\ CDI r^^V-A CHjOH/CHjONa f i* J V\ 

UQ^ QH ' — * UQ- c ^ -^ - kJ> CA 

O Im OCH 3 



3.1.5 Preparation of Esters by Use of a Polymer-Supported 
Carboxylic Acid Imidazolide 

An imidazolide-supported polymer was used for transacylation of phosphatidylcholine. 
The polymer (p) was obtained from a chloromethylated polystyrene with two mol-% 
divinylbenzene. The imidazolide group was anchored by reaction with 3-hydroxymethyl- 
1-tritylimidazole, cleavage of the trityl group, and condensation with palmitic acid: fl22] 

®0" CH20C ^ r-\ C ^%y QQ"^ o 



N^N-C-C I5 H 3I 



CHOH 

IS® O 

CH 2 0-P-0(CH 2 ) 2 N(CH3)3 _ ,» 



I v Vl v *'* CH 2 0— C-C I5 H 3 , 

.o, e 



O 



>- CHO-C-C 15 H 3l 

DMSO / CHCI3, DBU, 60% I Q 



CH 2 — P-0(CH 2 ) 2 NC(CH 3 ) 3 
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With nonsupported 1-palmitoylimidazole and DBU, however, a higher yield of the 
dipalmitoylphosphatidylcholine was obtained (91%). 



3.1.6 Preparation of Esters Using Azolides Other than Imidazolides 

Reactions with Pyrazolides 

The pyrazolide indicated below was used for ester syntheses in the presence of an 
alcoholate. 

CH 3 

A% R yield (%) 

CH 3 N * 



C 2 H 5 74 



0=CCH 2 0-0-C1 ~=^ * R0 2 CCH 2 Oh(^C1 C^H 2 77 

r^ . y ) — qh 5 88 

CI 30 mm CI — 



Whereas in alcohols as solvents good yields of esters are obtained a self-condensation 
of the ester was observed in THF. tl23] 



Reactions with Triazolides and Benzotriazolides 

a) With JV-acetyl-l,2,4-triazole and lipase as catalyst the following enantioselective 
acylation of 1-phenylethanol was achieved: [124] 



RS 47% 51% 

99% ee (R) 92% ee (S) 

b) While N-formylimidazole, as used in formate syntheses, has the disadvantage of 
being extremely hygroscopic, JV-formylbenzotriazole is stable and nonhygroscopic. It is 
accessible from AT^V'-carbonyldibenzotriazole and formic acid t22] or from benzotriazole, 
formic acid, and dicyclohexylcarbodiimide, [125] and it conveniently formylates both 
alcohols and phenols (diethylether, 20 °C, 24 h or THF, 67 °C, 5 h). 




NL 



r ^ + roh ^ hco 2 r ^ y ield(% > [125 i 

^ n QH9 88 

CHO 2-naphthyl 75 



3.1 Syntheses of Carboxylic Esters 45 

Trifluoroacetylbenzotriazole, [125a] which is easily prepared from benzotriazole and 
trifluoroacetic anhydride, is a very expedient trifluoroacetylating agent. Because of its 
stability the solid product can be stored in the covered bottle for several weeks without 
decomposition. By reaction with alcohols the trifluoroacetate esters were obtained in high 
yields: 



H ROH * Mff) 

boilin gra F > 3-6h > CF ^ R CACH * 95 

^ ' (OT^CO^ 79 

COCF 3 4-QCJ^ 94 



Further examples are described. 

c) Diesters of l(R) 9 2(R)-trans-cyc\ohexanedio\ and various polyene carboxylic acids 
are synthesized via the corresponding carboxylic acid triazolides [126] : 

•T Vc-CH=CH-CH=CH-/ Vn(CH 3 ) 2 + \^Z^ y ,OH >* 



OH 



W^--A 0-C-CH=CH-CH=CH^ Vn(CH 3 ) 2 

0-C-CH=CH-CH=CH-/ Vn(CH 3 ) 2 
O ^^ 

88% 

d) A diester of a polymeric diacid was prepared via the bisbenzotriazolide. In this 
case the azolide was formed from the carboxylic acid, benzotriazole, and dicyclohexyl- 
carbodiimide. [9 ° 3 

ft ft benzotriazole ft ft ft ft 

H0 2 C(CH 2 ) 2 C(OCH 2 CH 2 ) n OC(CH 2 ) 2 C0 2 H *> XC(CH 2 ) 2 C(OCH 2 CH 2 ) n OC(CH 2 )2CX 

DCC , CHCI3 

79% (MW - 2000) 

ft ft ft ft ROH ft ft ft ft 

XC(CH 2 ) 2 C(OCH 2 CH 2 ) n OC(CH 2 )2CX >* ROC(CH 2 ) 2 C(OCH 2 CH 2 ) n OC(CH 2 ) 2 COR 

CHCKorDMSO 



^ ^ Yield (% ) 




x= lT n CH3 75 

s n/ p-H0 2 CC 6 H 4 60 
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For esterification of the bisbenzotriazolide, the presence of triethylatnine was 
recommended (methanol: 100% yield, cyclohexanol: 33%). 



Reactions with Pyridinotriazolides 

Pyridinotriazolides were used for esterification in the presence of DBU under mild 
conditions, and for the selective acylation of steroids. tl27] 



C0 2 CH, 

^ , 7 N CH 3 OH/DBU 

THF, room temp., 
CHi 30°C,81% HO CH 

A series of acetates was prepared using 1-acetylpyridinotriazole and DBU: [1273,[1283 





cholesterol 



THF, room temp., 24 h 



->• cholesferylacetate 
79% [127] 



estrone 



DMF, room temp., 24 h 



■>* estrone acetate 
89% [127] 



H,C <?H 




->* 3-acetate + diacetate 



THF 



64% 



10% [128] 



17-P-estradiol 



C 6 H 5 CHOHCH 2 OH ^ C 6 H 5 CHOHCH 2 OCOCH 3 + C^CHCHzOCOCHs + CACHCHjOH 

THF ' ' 

OCOCH 3 OCOCH3 



OH 



37% 19% 

OCOCH3 OCOCH3 



9% [128] 



THF 



(CH 2 ) 2 OH 





(CH 2 ) 2 OH (CH 2 ) 2 OCOCH 3 

36% 22% [128] 
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Selective acetylations of hydroxyalkyl phenols by 1-acetylpyridinotriazolide were 
carried out with excellent results in 1 N aqueous sodium hydroxide solution: [128] 



HO-H0K 



CHjOH 



80% 



->■ a^cx>2 



-o- 



CH 2 OH 




HXQH 



98% 



CH 3 C0 2 




Reactions with Tetrazolides 

Even tetrazolides, which are among the most reactive azolides, have been applied in 
esterifications. 

a) In a phase-transfer reaction [129] or in THF, [130] benzoic esters were prepared with 
the highly reactive 1-benzoylphenyltetrazole. This tetrazolide, made from 5-phenylte- 
trazole and benzoyl chloride, is supposed to be a mixture of the 1- and 2-benzoyl-5- 
phenyltetrazoles. The isomers were not separated because both lead to the same product. 



N-N 



7 o )T N % ROH / NaOH , [(C 2 H 5 ) 3 NCH 2 C 6 H 5 ]C1 O 

r u A JS and N v JS - $► ROCC 6 H 5 

^ N N CH 2 C1 2 /H 2 

COC 6 H 5 COC 6 H 5 



R: C 2 H, 



%: 70 



73 



Qft 4-NQ 2 QH 4 



38 



P>naphthyl [129] 



86 



Methyl and other alkyl esters were prepared in THF, also in high yields. [130] 
b) Arachidonic acid was converted via its tetrazolide with the aid of oxalyldi(l,2,3,4- 
tetrazole), prepared in situ, into the methyl ester. [111] 



Ww 



(CH 2 ) 3 -C0 2 H N^~ C " C ~\*N N <\ _ /aam 

C 5 H U — ~ > • /l-CO-CCH,),' S^*\ 

CHCl 3 ,0°C,lh N -N H^W^/ 



Arachidonic acid 



CH 3 OH 



room temp., 3 - 8 h 




(CH 2 ) 3 -C0 2 CH 3 



82% 



48 
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c) A special example in the series of tetrazolides applied for ester syntheses is the use 
of 8-quinolinesulfonyltetrazole. tl31] In the first step a mixed anhydride is assumed to be 
formed, followed by an acylation of the resulting tetrazole to give the carboxylic acid 
tetrazolide, which then reacts in the normal way with added alcohol. The zwitterionic 
8-quinolinium sulfonates separate as a precipitate from the reaction mixture. This pro- 
cedure is very effective in the esterification of carboxylic acids with sterically hindered 
alcohols. When 8-quinoline sulfonylchloride is used instead of 8-quinoline sulfonylte- 
trazolide the carboxylic esters are obtained in lower yields along with acid anhydrides as 
by-products. 



R'C0 2 H 






-SO 




CH 2 C1 2 , (C 2 H 5 ) 3 N 

°C -» room temp., 1 h 




R l 


QH, 


C 6 H 5 CH=CH 


(CH 3 ) 2 CH|(CH 3 ),C |Qft 


R 2 


QH 5 CH 2 


C6H 5 CH 2 


CeHsCHj 1 C 6 H 5 CH 2 1 (CH 3 ) 3 C 


% 


89 


87 


84 J 79 J 82 



Further examples are mentioned in reference [131] 



Reactions with 7V,7V-Carbonylbis[2(3H)-benzoxazolethione] 



A^,7V / -Carbonylbis[2(3//)-benzoxazolethione], obtained from mercaptobenzoxazole and 
dimeric phosgene as the more thermodynamically stable 7V-acyl product, also represents a 
reactive heterocyclic diamide of carbonic acid, and is therefore used in the same way for 
ester syntheses as ^V'-carbonyldibenzimidazoleJ 1325 
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N CI-C-OCCI3 { y ( 7 c 6 h 5 co 2 h 

n VSH ~ ^ * W 8 W > 

O 45% o N-C-N O 

11 11 

s s 



QROH/(C 2 H 5 ) 3 N 
O ^ C 6 H 5 C0 2 R 



O v N-C-C 6 H 5 
S 



R 


c& 


C6H 5 CH 2 


p-NOsQH, 


% 


90 


80 


98 



3.1.7 Preparation of Esters with Imidazolesulfonates 

In this case the alcohol component is activated. By treating an imidazolesulfonate, pre- 
pared from an alcohol and sulfonyldiimidazole, with tetrabutylammonium benzoate, the 
corresponding benzoic ester is obtained: tl33] 

CH2OCH2C5H5 CH2OCH2C6H5 CH2OCH2C5H5 

CH 2 JnXO^ CH (C 4 H,) 4 N C^CO^ CH, 

Kq ji *0 / toluene, reflux, 24 h y£ ^ 

C 6 H,CH/* (X)CH 2 C 6 H 5 C 6 H 5 CH 2 ^M |toCH 2 C 6 H 5 C 6 H 5 CH 2 X >« (OCHfiJO, 

OH OS0 2 Im OCOC 6 H 5 

82% 53% 

Further examples of the preparation of benzoic esters via imidazolesulfonates include: 

C 6 H 5 CH / OR \ O BnQ ^ ^u^O^^^A 

OX— YOCH3 OR BnO A OBn 

NH-Z R = C 6 H 5 CO; Bn = C 6 H 5 CH 2 

85% [134] 90% [135] 



3.1.8 Preparation of Esters with Activated Azolides 

Activation of Azolides by Protonation 

Protonation of an imidazolide increases the electron-withdrawing effect of the hetero- 
cycle and, in this way, enhances the reactivity of the JV-carbonyl group toward nucleo- 
philic attack. A number of retinoates have been synthesized by this method. [136] 

Rl _£_ Im p^fiw > hn^S-§-r- £2H^ R . C02RJ 

benzene \ / z 


retinoyl imidazole p-CH 3 C 6 H 4 S0 3 



50 3 Syntheses ofCarboxylic and Carbonic Esters 

Examples: 



O CH3H3C H 3 C.^CH 3 



(|^1 O CH 3 CH,** 3 ^ 



CH, 




In the reaction with steroidal dialcohols, activated azolides attack the less hindered 
OH-group with a high degree of preference: [136] 



O CH3H3C h 3 o^cr 



0CH3 




82% 



Substitution of a protonated imidazole group by an azide anion permits an azido- 
carboxylic ester to be obtained in good yield: [137] 



"^/ ^ acetone *s^/ ^ h z O, room temp., 3 2 4 ^ 



77% 



e 



p-CHaCjHjSOa 



room temp., 
15 min, 85% 



The following compilation shows the results of a reaction sequence consisting of the 
conversion of carboxylic acids by A^'-oxalyldiimidazole (A) or AT,W-oxalyldi( 1,2,4- 
triazole) (B) into the corresponding azolides followed by acid-catalyzed reaction with 
alcohols to give the appropriate esters. [138] 
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n „~„ A orB ^ » , CH 3 S0 3 H 
RC0 2 H ^ T ^ T > RC-azole * * 

2 CH 3 CN CH 3 CN 



11 © CH 3 OH 

RC-azole-H CH 3 S0 3 2 TT^T^ RC0 2 CH 3 

3 3 room temp. -> 60 °C, 3 h 2 3 



A- I N-C-C-N I ;B= ^,N-C-C-N N ^ 
^- / Ns ^ ^N N^ 



With Azolide A 


Azolide B 




With Azolide A 


Azolide B 


R 


Yield (%) 


Yield (%) 


R 


Yield (%) 


Yield (%) 


CH 3 (CH 2 ) $ 
C 6 H 5 


61 
65 

67 


72 
60 
61 


*> 


74 


53 


p-N0 2 C 6 H 4 


83 
73 


76 
68 


^ 


76 


68 



Analogous to the activation of imidazolides by protonation, boron trifluoride also 
activates an imidazolide: 



O , x © ® O 



N - ^ » BF*-0(C,H«), BF^-N*^ » CH 3 OH 

^N-C-C 6 H 5 ? ^ 2 rt > 3 l^N-C-QHs > C 6 H 5 C0 2 CH 3 

The effective half-time for this reaction at room temperature is 9 min in comparison 
with 79 min without BF 3 -etherate. [139] 

In a similar way, AT-bromination on the imidazole group of an imidazolide by 
AT-bromosuccinimide increases the compound's reactivity: E11] ' [140] 

O 

Br 



O- 



ii 



O w Br-N^, •» . R 2 OH 



R'-C-Im > m T N-C-R 1 -^2; ^ r'c^R 2 



| N-C— R' : 

^ag/ CH 2 C1 2 , room temp., 1 h 



Yield (%) 



tert-C 4 H 9 C 2 H 5 84 

tert-CJAg , tert-C 4 H 9 48 

CH 3 (CH 2 ) 2 CH(CH 3 ) tert-C 4 H 9 95 

2,3,6-(CH 3 ) 3 C 6 H 2 tert-C 4 H 9 65 

Further examples are mentioned in the references cited above 



52 
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Activation of Imidazolides by JV-Alkylation 

a) iV-Benzylation of imidazolides by benzyl chloride or bromide, which at room 
temperature in acetonitrile form the corresponding imidazolium salts in nearly quanti- 
tative yield, leads to highly reactive acylating agents. [141] Acylation is carried out with 
equimolar amounts of the imidazolium salts. Primary and secondary alcohols react 
especially well. If solvents other than chloroform are used (e.g., CH 2 C1 2 , CH 3 CN, THF, 
or CC1 4 ) the yields of the esters are considerably lower. 



11 w^ 

-C-N N-CH- 
W 



© R 2 OH 



CHCI3, room temp., 1 h 



r'co 2 r 2 



O™ 2 



X Yield (%) 
ofR'COzR 2 



GftHjCHiOH CH 3 Br 97 !) 

C 6 H 5 CH 2 OH C 6 H 5 CI 84° 

C 6 H 5 CH 2 OH C 6 H 5 Br 96° 

C 6 H 5 CH 2 CH 2 OH CH 3 Br 94 2) 

C 6 H 5 CH 2 CH 2 OH CH 3 CI 81 X) 

n yields spectroscopically determined 



isolated yields 



R z OH 



R J X Yield (%) 
ofR'CQ 2 R 2 



C 6 H 5 CH=CHCH 2 OH 


CH 3 


Br 


96 »> 


(CH 3 ) 2 CHCH 2 CH(CH 3 )OH 


CH 3 


Br 


80° 


borneol 


CH 3 


Br 


88° 


p-CH 3 C6H 4 OH 


CH 3 


Br 


99° 


2,6-dichlorophenol 


CH 3 


Br 


94") 



b) A mechanistically analogous activation of imidazolides is achieved by JV-allyla- 
tion or N-methylation with allyl bromide or methyl iodide. [142] ^-Substitution and 
transacylation are again one-pot reactions under neutral conditions giving high yields. 
Two methods have been described for the application of this principle in the ester 
synthesis. In method A, the respective carboxylic acids are converted by CDI (one equiv.) 
into imidazolides, which then are N-alkylated by RX (two to five equiv.). In method B, 
CDI is first mono- or dialkylated to the activated species, which is then treated with the 
appropriate carboxylic acid. [142] 

Method A: 



R'C0 2 H 



1. CDI (1 equiv.) 

2. RX (2-5 equiv.) 
CHC1 3 , room temp., 
0.5 - 1 h 



-C-N N-R 



(1 equiv. or excess) 
room temp, or reflux, 
l-10h 



*> R'C0 2 R 2 + 



HN N- 



R X 



RX = CH 2 =CHCH 2 Br or CH 3 I 



Yield (%) R'CQ 2 R 2 



Yield (%) 



HC0 2 (CH 2 )2C 6 H 5 


95 


Z- NHCH(CH 3 )C0 2 C 2 H5 


95 


C 6 H 5 (CH 2 ) 3 CO r tert-C 4 U> 


95 (<5) ,} 


CH 3 (CH=CH)2C0 2 CH 3 


95 


CH 3 CO(CH 2 ) 2 C0 2 C 2 H 5 


88 


p-HOC 6 H 4 C0 2 CH 3 


95 


% ^CO(CH 2 )2C0 2 C 2 H 5 




p-CH 3 OC 6 H 4 C0 2 -^rr-C 4 H 9 


80 (<5) ° 


95 


p-HOC^CO^^j 


79 


tert -CJUCOf ten -C 4 Hg 


90 


P-CHjCOC^CO^jHs 
/>-IC fi H 4 C0 2 C 2 H, 


95 
93 



Yield in the absence of the N-alkylating agent RX 



Method B: 
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CDI(1 equiv.) 



RX (2 equiv.) 



CHCl 3 orCH 3 CN 

room temp, or heating , 2 h 



^.. ° M ^? T ~ „~ R'CX)2H 



» R-N N-C-N N-R 2X 



R-N N-C-R 1 X 



e R 2 OH 



room temp, or reflux, 1 - 10 h 



^ R'CO.R 2 



R 1 CQ 2 R 2 Yield (%) 

C 6 H 5 (CH 2 ) 3 C0 2 C 2 H 5 86 
^^C0 2 C 2 H 5 



75 



The activation of CDI by N-alkylation (method B) has been used for the reaction 
between carboxylic acids or TV-protected amino acids and alcohols to give the esters in 
excellent yields. [143] Under the following conditions, which are free of any acids and 
stronger bases no racemization was observed. 



CH,-N N-C-N N-CH 3 

\=J CH 3 N0 2 , 5 min. 



->* CH 3 -N N-C-R 1 



3h 



-> R ! C0 2 R 2 



2CF 3 S0 3 



R'COzH 



Yield of 
R'C0 2 R 2 (%) 



C 6 H 5 C0 2 H 


C 6 H 5 CH 2 OH 


quant. 


Z-Phe 


C 2 H 5 OH 


95 


Z-Phe 


C I8 H 37 OH 


95 


Z-Phe 


1-menthol 


98 


Z-Gly 


± CH 3 CH(OH)C0 2 C 2 H 5 


95 


Z-Ala 


l-C^CH 2 CH(OH)C0 2 CHt 


94 



Analogously prepared are the diesters of N-methyl-phenothiazine diacetic acid and 
mono-p-toluenesulfonyl-, chloro- or iodooligoethylene glycols. [144] 
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™ 3 n R Yield (%) 

^,^AJ° 6 P^WW 54 




O 



2 CI 60 

3 CI 44 
2 I 87 

4 I 45 



The reactive l-acyl-3-alkylimidazolium species also plays a role in acylation of 
alcohols with carboxylic anhydrides or carboxylic acid chlorides using 1 -substituted 
imidazoles as catalysts. [145] In this case the reactive species is formed in situ: 



.R 3 .R 3 



(R'CO^O or R'COCl + ^ XT ^ >> ^§^ 

I 

c= 

I 

R 1 



N N 

c=o 



<©^ + R 2 OH ^ R ! C0 2 R 2 + "„} 

N N 

c=o 

R 1 



Acylation with acetic anhydride and imidazole catalyst: 



ImH (0.02- 0.05 equiv.) 
(CH 3 ) 2 CHCH 2 CHCH3 + (CH 3 CO) 2 cc , ^ o C ^ - ^ (CH 3 ) 2 CHCH 2 CHCH3 

OH ' OCOCH, 



Acylation with an acid chloride and imidazole catalyst: 



C 6 H 5 CH 2 CHCH 3 + RCOC1 ^(0^02- 0X)5 equiv.). (C^N > 

l CCL, reflux, 3 h I 

OH OCOR 
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Illustrative yields for the two acylation methods catalyzed by ^-substituted imida- 
zoles are given in the following tables. 



Table 3-4. Acylation of 4-methyl-2-pentanol with acetic anhydride to produce the acetate, with the 
indicated N-substituted imidazoles as catalysts. tl45] 



N-substituted imidazoles 




N-substituted imidazoles 




as catalyst 


Yield (%) 


as catalyst 


Yield (%) 


ImCH 3 
Im(CH 2 ) 4 CH3 


74 
75 


N^N-CH 2 C 6 H 5 


<5 


ImCH(CH 3 ) 2 


92 


^6 H 5 




ImC(CH 3 ) 3 


81 


N^N-CH 2 C 6 H 5 


86 


ImC(C 6 H 5 ) 3 


20 


\—/ 




ImC 6 H 5 


28 


CH 3 




CH 3 

N N-CH 3 
\=J 




N ^ N -CH 2 C 6 H 4 -p-OCH 3 


96 


9 


CH 3 





Table 3-5. Imidazole catalyzed acylation of 3-phenyl-2-propanol with acid chloride RCOCl. tl45] 



N-substituted imidazoles 

as catalyst R 



Yield (%) 



ImCH(CH 3 ) 2 C 6 H 5 quant. 

ImCH(CH 3 ) 2 ten- C 4 H 9 82 

N^N-CHAH^p-OCH, QH 5 88 

CH 3 
N^N-CH 2 C 6 H 4 -p-OCH 3 ten- C 4 H 9 88 

CH 3 



N-substituted imidazoles 

as catalyst R 



Yield (%) 



N^N-CH(CH 3 )2 C 6 H 5 quant. 

CH 3 

N^N-CH(CH 3 ) 2 

CH 3 
without catalyst C 6 H 5 39 



ten- C 4 H 9 quant. 



Activation of Imidazolides by Complexation 

The reaction of interest occurs when either the imidazolide or the alcohol is initially 
bound in the form of a Pt(II) olefin or phosphine complex. [146] 
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C] + CH 3 COIm ^ 


/ra/w[PtCl 2 XCH 3 COIm] + ROH >> CH 3 C0 2 R 




X = C 2 H 4 (A) 






X = (C 4 H 9 ) 3 P(B 


) 


CH 3 C0 2 R 


Method 


Yield of ester (%) 


CH 3 






R= (CH 2 ) m -^> 






CH 3 






n= 1 


A 


62 


n= 2 


A 


88 


n= 2 


B 


74 


* = 3 


A 


85 


(CH 2 ) 3 C 6 H 5 


A / collidine 


80 




B/(C 2 H 5 ) 3 N 


70 



For the complex-catalyzed acetylation of l-phenyl-3-propanol, an equimolar amount 
of a base such as collidine or triethylamine was necessary. 

3.2 Syntheses of Isotopically Labeled, Spin-labeled, 
and Photoreactive Esters 

Syntheses of Isotopically Labeled Esters 

Due to excellent yields, mild reaction conditions, and a fast reaction rate, the azolide 
method is well suited to the synthesis of isotopically labeled esters, even ones with very 
short half-lives, just as it is always useful for the esterification of sensitive carboxylic 
acids, alcohols, and phenols under mild conditions. An example is provided by the 
synthesis of [ n C]-quinuclidinyl benzilate prepared from benzilic acid, CDI, and n C- 
labeled quinuclidinol. tl47] 

(QH&CLi >> (C 6 HAC- 1I CQ 2 H gf > 

OLi OH ^ 

HO 



TO 



(QHskC-^COIm ^ ^ (QH^OV 

OH 85°C,10mm QH 



As an example for the synthesis of a 14 C-labeled depsipeptide from 14 C-glycine and 
serine by the imidazolide method, see reference [78]. 
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Syntheses of Spin-labeled and Photoreactive Esters 

The spin label in question may as well be in the carboxylic acid fragment as in the alcohol 
moiety. Photoreactive esters bear azido groups in their carboxylic acid moieties. The 
esterification of nitroxide- or azide-bearing carboxylic acids with complex alcohols and 
CDI is illustrated in Table 3-6 by way of some examples. 



TABLE 3-6. Spin-labeled and photoreactive esters prepared with imidazolides. 



Ester 


ROH 


Coupling agent Yield (%) 


Ref. 


C0 2 R 








CH 3nL > CH 3 


Pheophytine b-alcohol 


CDI/ImNa 45 


[148] 


CH 3 ? CH 3 








C0 2 R 








CH 3 N CH 3 


Testosterone 


CDl/tert-C^OK 19 


[149] 


6- 








C0 2 R 








CH 3 ^~ ^CH 3 


Cortisol (C(21)-OH) 


ImSOIm 16 


[150] 


CH 3 N CH 3 








6- 








C0 2 R 








CHa> )(x CH3 


ATP (2'-and/or3'-OH) 


CDI 32 


[151] 


CH 3 N CH 3 








6- 


O 






CH 3 
O N-O- 


CH 2 OCC l5 H 3l 

<r HOH o e 


CDI 14 


[152] 


X 
C i i H 23 (CH 2 ) 3 C0 2 R 


CH 2 -PO(CH 2 ) 2 N(CH 3 ) 3 

— e 






CH 3 

O N-O- 
C 6 H I3 (CH 2 ) 10 CO 2 R 


ROCH 2 

R0 J— °^"CH 2 
\? R / CHOH 

OR CH 2 0-oleolyl 

R = CH 3 CH(OC 2 H 5 ) " 


CDI 68 


[153] 


Pyropheophorbide a ester 


CH 3 /l< (CH ^» OH 
CH 3 N CH 3 


CDI/ImNa 67 


[154] 


N0 2 


o» 






N 3 ~\~\ NH(CH 2 ) 2 C0 2 R 


Amorphigenin 


CDI /Nairn 25 


[155][156] 
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The following reaction illustrates conversion of a nitroxide radical-bearing alcohol by 
CDI and azide ion to a spin-labeled ester of azido formic acid, which is used for the 
labeling of amino acids, giving carbamates: 11371 



H£ CH , ,.CDI,76% # ^c CHj 5oi 

HO _0_ O . ,,.h W o,h.^, TJ^Jh, ^-* Nj cc,^Vo. 

H,C CH > Q H 3 C CH3 HjC " 3 

p-CHjC^SC^ 



An analogous reaction was carried out with ter/-butyl alcohol to give the imidazolium 
carboxylate in 77% yield and the azido formic ester in 85% yield. [l37] 



3.3 Azolide Esterification to and on Polymers 

Polymeric esters by use of imidazolides or benzotriazolides have been obtained in dif- 
ferent ways. 

a) By reaction of a diol monomer with a bisazolide monomer. 

HOCH 2 CH 2 OH + ImOC-/ VcOIm > -CH 2 (o 2 C--/ VcOjCH^H^O- 



With 1,6-hexanediol a polyester was analogously prepared. [12] Further examples are 
shown below. 



O 
HCXCH 2 ) 2 NHC-X-CNH(CH 2 ) 2 OH ■ 


tT X N-C-Y' 

•a 


V=( -^ 4<CH 2 ) 2 NHC-X 


-CNHCCH^C-' 
O O 


X Y \ 

XX XX 
XX XX 


r ield(%) Ref. 
70 [157] 

97 [157] 


X Y 1 

XT XX 
XX XX 


field (%) 
82 

90 


Ref. 

[157] 

[157] 



b) By treating a poly(carboxylic acid) imidazolide or benzotriazolide with an alcohol. 
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( R \ 1CDI / R 

' ' \ 2.CH.OH / i 

-CH 2 — C f- 2 >* 4CH 2 — C 





co 2 Hy 

" \ OCH 3 

' n 

R = H, 79%; also with R = CH 3 and c -QHj , [158] 



4CH 
CH-C- 



CO / \ CO / 

X " X " 

C=0 C0 2 -c-C 6 H„ 



TO 



X = -NH(CH 2 ) 5 ~ or -0-p-C 6 H 4 - [159] 

c) By the reaction of a polyalcohol with an imidazolide formed from CDI and the 
appropriate carboxylic acid. tl60 ^ 164] The polyalcohol could also be formed via the 
azolide method. 



-{CH 2 -CH-V ,0=QKCOI m NaQC2Hs > -f C H 2 -CH-)- 

OH °"S N^T 

poly (vinyl alcohol) (from CDI and RC0 2 H) ° 

-90% [160] 



-{CH 2 -CH-^ -f^-CH^ 

CH 2 CH 2 OH (CH 2 )20-C-CH 2 -NH~Boc [161] 



2 — CH- 

0' 



+ H0 2 C-CH-NH-S-T y -^2- 



c «ah 5 ^ L U 

CH 2 OH CH 2 0-C-CH-NH-S-^_ N ) [162] 

polyhydroxymethyl- ° CH 2 C 6 H s N £ 

styrene 

„COIm 



[ 2 0-C-CH-NH-S-^ % 
O CH 2 C 6 H 5 y^ 



-(-CH 2 -CH-f .£ C H 2 -ch4- t JJ -(-CH 2 -CH 4- 

C=0 > C=0 y y > . 

HNCH 2 CH 2 OH HNCH 2 CH 2 0-C-f ^ 



• '* H 2 NCH 2 CH 2 OH ^ N I 'n "N ^ n L '" 

C=0 — * * — « > c=o > c=o O 

I I 



k- ^ ,m * [163][164] 

benzotnazohde of 

polyacrylic acid 
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d) Attaching of an iV-protected amino acid to a polyalcohol. 

In the peptide synthesis for connection of the first protected amino acid with a 
hydroxymethyl polymer from styrene and divinyl benzene (Merrifield resin or other OH- 
containing resin) CDI is very suitable as coupling agent compared to AfjAf'-carbonyldi- 
1,2,4-triazole or dicyclohexylcarbodiimide (DCC). The yields obtained with this method 
are higher than those with the other two coupling agents, the conditions are 
mild, the reaction time is short, and the undesired formation of by-products is 
lessened. tI65HI69 * The remaining hydroxymethyl groups were esterified with acetic acid, 
again by use of CDI [165] or acetic anhydride. [167] 



(p)-C 6 H 4 CH 2 OH + Boc-NHCHC0 2 H ™ Q - fajj > (g)~ C 6 H 4 ( 



CH 2 OCOCHNH-Boc 



Boc-Gly- polymer, 78%; 
Boc -Pro -polymer, 37%; 
Boc-Arg(NQ 2 )- polymer, 40%; [165] 



Boc Boc 

9 N-. ^ 9 N* 



(J)-CH 2 OH + ImC--<^] > (T)-CH 2 OC— (J] [167], 

hydroxymethyl resin from Boc-Pro and CDI 



[168] 



& 



OH + Boc -Ala -^ — ^ (j^OC-CHCH 3 [169] 

NH-Boc 



hydrolyzed copolymer 
of l-vinyl-2-pyrrolidone 
and vinylacetate 

e) Syntheses of high molecular weight esters of poly(ethylene glycol) with an amino 
acid [170] or methacrylic acid leading to an unsaturated end group [171] have also been 
carried out with CDI. 



CDI •• 

PEG-OH + Boc-NHCH 2 C0 2 H >> PEG-OCCH 2 Ntf— Boc [170] 

poly (ethylene glycol) 

CH >=S> 2 H ■""'?**, CH 2 =S>I m PBG-OH/Cy ),N > p^.g^ 
1 good yield dioxane , 40 °C , 6 h z 

quant. [171] 
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For an analogous reaction of ferrocene carboxylic acid with poly(ethylene glycol) see 
reference [172]. 

f ) Acylation of dextran with imidazolides of Af-protonated amino acids or dipeptides 
in anhydrous or aqueous medium. [173] 



DMSOorH 2 * Ma^^CRM^ ^CO^ 

Amino acids used include Gly, Ala, Phe, Leu, His, co-aminoheptanoic acid, and Ala- 
His dipeptide. It was found that not only single amino acids were added to the dextran, 
but also poly(amino acid) chains formed during the reaction. 

A suitable degree of esterification of dextran with butyric or palmitic acid is achieved 
by CDI in formamide or DMSO. In the absence of carboxylic acids dextran can be 
converted by CDI into a crosslinked product with intrachain as well as interchain car- 
bonate links. Such carbonate links permit drugs containing hydroxyl groups to be coupled 
to the dextran. [174] 

3.4 Synthesis of Thionocarboxylic Esters 

Analogously to carboxylic esters, thionocarboxylic esters can be synthesized by the 
azolide method. An example is the synthesis of thionobenzoic acid methyl ester via a 
l-thioacyl-4-alkyl-l,2,4-triazolium tetrafluoroborate and methanol. [175] 



S *v S 

N N 



C 6 H 5 -C-N^N-C 2 H 5 BF 4 e + CH 3 OH > C 6 H 5 COCH 3 



89% 



3.5 Synthesis of Thiol- and Selenolesters 

A series of thiol and selenolesters can be prepared from carboxylic acids and the coupling 
agents CDI, oxalyldiimidazole, or oxalylditriazole via the corresponding carboxylic acid 
azolides (Tables 3-7 and 3-9). 

Generally the azolides RCOIm used for the thiolester synthesis are prepared in situ in 
benzene, THF, CH 3 CN, or DMF. The reaction conditions range from refluxing benzene, 
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six hours, tl76] to THF at room temp, for four hours. [177] In some cases the addition of a 
catalytic amount of base such as NaOCH 3 (refluxing benzene, three hours) tl78] or 
Mg(OC 2 H 5 ) 2 (DMF, room temp., 12 h) [179] was recommended to obtain high yields 
(Table 3-8). An amino acid thiolester could be obtained in base-free DMF without 
racemization. [180] Especially mild conditions (CHC1 3 , room temp., 0.5-1 h) are described 
for the reaction of a benzyl-activated imidazolide with thiols. [141] A quantitative pre- 
paration of c-QHnCOSC^ 1801 is also described (CDI, cyclohexane, NaOC 6 H 5 as 
catalyst) in reference [181]. 

1) Synthesis of thiolesters from carboxylic acids R 1 C0 2 H. 

2 O 

R , C0 2 H CPI > R'COIm * SH > R'CSR 2 



Table 3-7. Carboxylic thiolesters R^COSR 2 prepared by use of CDI. 



R 1 


R 2 Yield (%) 


Ref. 


QH 5 


C#s 97 


[180] 


(CH 3 ) 3 C 


C 2 H 5 93 


[180] 


c-C&u 


(CH 3 ) 2 CH 92 


[180] 


C2H 5 SCO(CH 2 ) 4 


C 2 H 5 87 


[180] 


CH 3 (CH 2 ) 16 


(CH 3 ) 2 CH 92 


[180] 


6,8-dimethylazulen-4-ylmethyl 


QH, 91 


[180] 


fra/w-8-heptadecenyl 


C^ 91 


[180] 


1 l-hydroxy-frans-8-heptadecenyl 


C 2 H 5 81 


[180] 


CH 3 SCH=C(SCH 3 ) 


1 ,5-dioxa-9-thia spiro[5.5]undec-8-yl 87 


[180] 


C 6 H 5 CH 2 CHNH-Z 
H 


(CHj) 2 CH 92 


[180] 


if^ N 4^ S 'COOCH, 






1L 1 


C 6 H 5 77 


[180a] 


^CH 2 - 







Table 3-«. R^OSR 2 by use of CDI and Mg(OC 2 H 5 ) 2 . t1793 



R 1 


R 2 


Yield (%) 


C 6 H 5 


tert-C 4 n 9 


87 


o- HOC 6 H4 


C 2 H 5 


87 


o-C1C 6 H4 


tert-C 4 H 9 


quant 


jft-pyridyl 


terf-C 4 H 9 


quant. 


tert-C 4 U 9 


tert-C 4 U 9 


87 


Z-NHCH 2 CH(OH)CH 2 


C 2 H 5 


85 
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Acyl-coenzyme A compounds, which, because of their high acetyl group transfer 
potential represent carriers of activated acyl groups in biological systems, are prepared 
from the corresponding carboxylic acid, CDI, and coenzyme a. [4_6],[177] ' [182] ' [183] 



O 
it 



R-C-S-Coenzyme A 



R 


CH 3 


CH 3 
(CH 3 ,4 COS-) 


C 8 H 17 


3,4-dihydroxy- 
cinnamoyl 


oleoyl 


linoleoyl 


linolenoyl 


% 


82 


40 


68 


80 


70 


61 


72 


Ref. 


[177] 


[182] 


[177] 


[183] 


[177] 


[177] 


[177] 



Further interesting S-acylations have been reported for the synthesis of a cholesteryl 
thiolester tl76] (see also references [184] and [178]) or an azetidinoneacetic acid thiol- 
ester tl84] by use of CDI, as well as of a thiolester with the deoxydaunomycinone structure 
by use of CDI and Mg(dC 2 H 5 ) 2 . [186] 



H,C 



o 

II 

R-C-S' 




*^S 






R 


H 


CH 3 


C 2 H 5 


C20H41 


[176] 


% 


31 


85 


65 


60 





tert-C 4 H,(CH 3 ) 2 Siq H h£ H 3 



CH 



-H-P, 



3 I I COSC 2 H 5 

o 



CH, 



quant. [185] 




67% [186] 



COSC 2 H 5 
-OH 



Thiolesters prepared with coupling agents other than CDI (A, B, and C below) are 
listed in Table 3-9. 



A 



w n-c-c-n^ 

B 



N<\ 11 11 /^n 



64 
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Table 3-9. Molesters prepared with the coupling agents A, B, and C. 



r'cosr 2 


Coupling agent 


Yield (%) 


Ref. 


R 1 R 2 








C 6 H 5 a-pyridyl 


A 


86 


[180] 


C 6 H 5 C 6 H 5 


B/CH3SO3H 


78 


[138] 


C 6 H 5 a-pyridyl 


B/CH3SO3H 


63 


[138] 


p-N0 2 C 6 H 4 C 6 H 5 


B/CH3SO3H 


54 


[138] 


Q H 5 QH5 


C/CH3SO3H 


75 


[138] 


QHj a-pyridyl 


C/CH3SO3H 


70 


[138] 


p-NOAft QH, 


C/CH3SO3H 


66 


[138] 



2) Malonic half thiolesters are prepared in good yields from magnesium mono- 
methylmalonate with CDI under C-acylation and subsequent addition of a thiol. [179] 
Benzyl- and allylmalonic half thiolesters are prepared analogously. 



ch£ 



COaR 1 



CO^Mg 



SR 2 

1 

c-o 

HC Mg.. 

c-o 

\ . 

OR 1 



CDI 



- ImH 



H 3 CT 



HCtC=0 



C*5*l 

11 

o 



-co, 



-*> a£ 



COSR 2 



COjR 1 



Im 

I 

c-o 

H < K 

c-o 

OR 1 



R'SH 



- ImH 



Yield (%) 



CHjOCO^COSCaH, quant 

O 
/^<: 4 H 9 OCCH 2 COSQH 5 86 

O 



Yield (%) 



C^OC-CHCOS -^r/-C 4 H9 quant 

6 GHaC&s 
CWXJ-CHCOSCft 76 

O CH 2 CH=CH 2 



3) Selective thioesterification of glyceric acid and lactic acid. [187] 



^^^ NHCOCH, NHCOCH, 

1°* CDI F** HSQlSo^ ^ COSCHPHOO^ OOSC^HCOfl 

CHOR > CHOR I ™* n T <mA y ^ CHOR ^^V 1 > cHCM 

CH/>R CHjbR CH4OR CH4OH 

R-^rt-C 4 H 9 Si(CH3) 2 31% (bMcdonN-acctykyrtdnc) 
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CH 3 CH 3 

R-tert-CJitSUCH^ 



NHCOCH 3 NHCOCH3 

? ^^ > CHOH 

CH 3 

42% (based on ^-acetylcysteine) 



■^ CHOR 

1 
CH 3 



4) Preparation of a thiolester from an azolide activated by benzylation. [1415 



O O 

11 ®^s e RSH 11 

C^C-N^N-CHaCA Br > CH3CSR 



R - Qft, 99% (from NMR); 2-naphthyl, 94% (isolated) 

5) Selenolesters 

In analogy to the formation of thiolesters, some selenolesters have also been 
synthesized from carboxylic acid, phenylselenol, and iV^V'-carbonyldi- 1,2,4- 
triazole. cl80] 



ROQjH > RC ~\J ^^^ > RC-SeCA 



R 


QHs 


(CH&C 


c-CfiHn 


Q7H35 


6,8-dimethyl- 
azulea~4-ylmcthyl 


traiw-8-hcpta- 
decenyl 


Qftd^CHNH-Z 


Yield (%) 


92 


90 


94 


94 


94 


88 


89 
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Selective acylations of many carbohydrates have been achieved by the azolide method. 
A short review on acylation of carbohydrates is given in reference [188]. Of special 
interest is the selectivity of acylation by azolides, as demonstrated by the following 
examples. 

For reaction of methyl 6-bromo-6-deoxy-a-D-glucopyranoside with benzoylimidazole 
the yield of the 2,3-dibenzoyl product is 75%; further benzoylation at C-4 occurs only to 
the extent of 15%: [189] 
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HO "3 HOi' C1CH 2 CH 2 C1, reflux, 24 h O— 

OCH 3 C'O /°OCH, 



C„H 



6 n 5 



c=o 

C 6 H 5 



Similarly, methyl 6-deoxy-a-D-glucopyranoside yields predominantly 2,3-benzoyla- 
tion (59%), whereas 2,4- and 3,4-dibenzoylations were observed only in minor yield (13 
and 12%, respectively). 

The selective benzoylation of methyl oc-D-glucopyranosides tl90] gives as major pro- 
duct the 2,3,6-tribenzoyl derivative (71% yield), whereas the 2,6-dibenzoyl-, the 2,4,6- 
tribenzoyl- and the completely benzoylated 2,3,4,6-tetrabenzoyl compounds are minor 
products (13, 3 and 11% yield, respectively). 





,,OH 




.0-C-C 6 H 5 


HCV 


Jl^O QH,COIm 


HO-N 


£=& 


H(A 


~~^Zr\ CHjONa, reflux, 32 h ' 


c 6 h,-co-cA 


^V\ 




OCH 3 




C^O OCH » 



C 6 H 5 

Selective acetylation of the methylester of Af-acetyl-/?-D-neuraminic acid methyl- 
glycoside produces, roughly in a one to one ratio and in 74% yield, the two acetylation 
products shown: [191] 



rOH 



ho- 
ho- 



HOi 
HO 



o o 

r o-ccH 3 tO-cch, 

HO- 
HOH 



CH 3 2 C O— < CH 3 COIm CH 3 2 C,0-A CH 3 2 C O— I 

\ H< M 74% K, HO> K o> 

CH 3 N ^NHCOCH 3 CH 3 0^ ^NHCOCH 3 CH 3 o\^NHCOH 3 

coch 3 



4,6-Benzylidene-D-hexopyranoside and benzyl-3 ,6-dideoxy- jS-D-xylohexopyranoside 
are benzoylated with JV-benzoylimidazole yielding the product ratios indicated in Table 
3-10. [192] 

The product ratio obtained with JV-benzoylimidazole has been compared with those 
obtained through the reaction with triethylamine/benzoyl chloride and also pyridine/ 
benzoyl chloride. With triethylamine/benzoyl chloride the yields and selectivities are in 
most cases higher, but those with pyridine/benzoyl chloride are usually lower than with 
JV-benzoylimidazole : 
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benzyl-3,6-dideoxy-fi-D-xylohexopyranoside 




44 




33 


11 


26 




42 


9 


46 




18 


15 


53 




2 


22 




53 




23 



C^jCOCl/ 

v (C 2 H 5 ) 3 N 



4-ester (40%) 2-ester (35%) 

( also diester ( also diester 

and a little 2-ester) and a little 4-ester) 

Thus the reactions of Af-benzoylimidazole and benzoylchloride/triethylamine with 
benzyl-3,6-dideoxy-/?-D-xylohexopyranoside are supplementary to each other. [192] 

Table 3-10. Various benzoates of carbohydrates. 

Starting carbohydrate Yield of benzoates (%) 

Methyl 4,6-O-benzylidene -X-pyranoside 2-benzoate 3-benzoate 2,3-dibenzoate 
X= a-D-gluco 

p-D-gluco 

a- D-allo 

a-D-altro 

a- d -manno 



Acylation of jS-D-glucose with azolides yields preferentially esterification in the 1- 
position of which for example, with R = C 6 H 5 60% and with R = Ci 7 H 35 71% yield are 
obtained. Azolides of sterically crowded acids [R = (C 6 H 5 ) 2 CH or (CH 3 ) 3 C] give poorer 
yields (~28%). [193] 

OH l^ yN"^-R qjj 

H H° o y^OH > HO o ^X^ _c- R 

3 HO > HO O 

1-O-Stearoyl-jS-D-glucopyranose is prepared analogously with 1-stearoylimidazole 
or 1-stearoyltetrazole, and l-0-diphenylacetyl-/?-D-glucopyranose with 1-diphenylacetyl- 
imidazole. The azolide method for synthesis of l-0-acyl-/?-D-glucopyranoses is both 
convenient and of potential general applicability, as well as being regio- and stereo- 
selective^ 1931 / 

The reaction of crocetin bisazolide has also been achieved with unprotected (!) jS-D- 
glucose in excellent yields (67% from the imidazolide; 70% from the 1,2,4-triazolide). 
Esterification takes place exclusively at the anomeric C-atom, and produces only the 
/?-anomer. The higher acidity of the anomeric hydroxyl group compared with the other 
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hydroxyl groups of the carbohydrate was claimed to be responsible for this selectivity. 
The high degree of regioselectivity and stereoselectivity by this method is note- 
worthy. [194] 



Q CDIor Af,Ar-carbonyldi- 
(1,2,4-ditriazole) 



CH 3 CH 3 DMF 



Crocetin 



CH 3 CH 3 



O CH 3 CH 3 

R = imidazolyl, 92%; 1 ,2,4-triazolyl, 90% 



^OH 



H „°O^^VoH 
HO 

pyridine , NaH (cat.) 
room temp. , 4 h 




.OH 



CH 3 CH.ro^^^OH 
HO 



Analogously prepared are the /?-D-glucosyl ester of 8'-apo-/?-carotene-8'-oic acid (as 
imidazolide and triazolide, obtained in 81 and 66% yield, respectively) and vitamin A 
acid (as triazolide, obtained in 87% yield): [195] 



r OH O 



CH 3 CH 3 H 3 C CH 3 



HO 




CH 3 CH 3 



80% from the imidazolide; 
84% from the triazolide 



r OH O 



ft CH 3 CH 3 H 3 CCH 3 



HO 




H 3 C 



76% from the imidazolide; 92% from the triazolide 



The esterification can also be carried out as a one-pot reaction without isolation of the 
azolide; for example, an 80% yield of crocetin bis(/?-D-glucosyl ester) was obtained via 
the triazolide. [195] Reactions of S'-apo-jS-carotene-S'-oic acid with D-galactose or lactose 
were claimed to proceed also with a high degree of regioselectivity. [196] 

The ratio of the a- to the /J-anomeric D-glucosyl ester can be influenced by changing 
the reaction conditions. In DMF the a-anomer of the crocetin bis(D-glucosyl ester) was 
formed in about 70% yield. 11963 Esterification of D-glucose with the imidazolides of 
benzoic acid or stearic acid in pyridine furnished a mixture of the a- and jS-anomers of the 
C(l) glucosyl ester. [196] 
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The acetylation of methyl-a-D-glucopyranoside with Af-acetylimidazole (DMF, room 
temp., 48 h) affords no significant selectivity, and leads to partial substitution at all four 
hydroxyl groups (2-OAc : 3-OAc : 4-OAc : 6-OAc = 35 : 15 : 20 : 35). [197] 

Acetylation of 4,6:4 / ,6 / -di-0-berizylidene-a,a-trehalose with AT-acetylimidazole 
(CHCI3/DMF, 18 h, room temp.) yields 50% diacetylation at R 1 and R 2 , 32% mono- 
acetylation at R 1 , as well as acetylation in all three positions R 1 , R 2 , and R 3 (altogether 
about 10%): [198] 

J OH^CT 



CM, 





CHjCOIm 


CHCI3, DMF 






room temp 


., 18 h 




V 




s 


^=& R "V== 


OH 




R'oN>^ 




R" 


= R 2 = CH 3 CO,R 3 = H 


50% 


R' 


= CH 3 CO,R 2 = R 3 = H 


32% 


R' 


= R 2 = R 3 = CH 3 CO 


10% 



f&&s& >=a^s; 



Improved selective acylation of 4,6:4 / ,6 / -di-0-benzylidene-a,a-trehalose was 
achieved in acetone by the following method, in which a gentle liberation of iV-acyl- 
imidazole occurs on the conversion of benzotriazolyl-A^-oxytris(dimethylamino)phos- 
phonium hexafluorophosphate with the carboxylic acid in the presence of triethylamine 
and addition of imidazole: 11 " 1 



CO. 



0-P[N(CH3) 2 ]3[PFj e 



C13H31CO2H 

N(C 2 H 3 ) 3 



N 

0-C-C l5 H 31 
O 



ImH 



'di-O-benzylidene- 
^.a-trehalose 



C.H, 



y^^y^s^r* 



^q: 



c=o 

1 
C I5 H 31 



31% 



If the acylation is carried out in CH 3 CN, DMF, or HMPA, 2,2'-diester is formed 
along with the trehalose 2-ester. 
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A selective 6-acetylation of the following diglucoside in 71% yield by iV-acetyl- 
imidazole has been reported: t20 ° 3 

O 

ii 

6fOH CH 3 COIm > ^° CC o 3 

NH NH 

COCH 3 COCH3 

R = tetra-O-acetyl-P-D -galactopyranosyl 



Further acylations/selective acylations of carbohydrates are compiled in Table 3—11. 
The acylations are carried out either by using imidazolides prepared in situ from the 
carboxylic acid and CDI (method A), or by using the isolated carboxylic acid imidazo- 
lides (method B). 

By the azolide method a great number of carbohydrates has been acylated of which 
only a few examples can be mentioned here. Reactions have been reported with an 
oleandrose, [2013 a-D-mannopyranoside, [2023 a-D-glucopyranosides, [1893 ' [203H207] /?-D-glu- 
copyranosides, [2083 j8-D-galactopyranosides, [209 ' ,t210] a 4,6-dideoxy-a-D-xylohexopyr- 
anoside, [211] a 2-acetamino-2-deoxy-jS-D-glucopyranoside, [2123 an a-D- 
altropyranoside, f2133 a 2,6-dideoxy-a-D-lyxohexopyranoside, C2143 a jS-D-galactopyrano- 
side, [215] an a-D-galactofuranoside, [2163 a myoinositol, [2l7] an a-D-mannopyranosyl gly- 
ceride, [218] a rhamnal, [219] a,a-trehaloses, [220H222] and a (/?-D-galactopyranosyl)-2- 
acetamino-2-deoxy-jS-D-glucopyranoside. f223] 

Table 3-11. Acylated carbohydrates. 



Carbohydrate 


Acylated carbohydrate 


Method 


Yield 


Ref. 


^O^-OR' 


R l =R 2 = CH 3 CO 1 
R'=CH 3 CO,R 2 = H J 


A (2 equiv. CDI, 
CH 2 C1 2 ) 


40 
53 


[201J 


oleandrose 










OCH3 


R'sR'sR'sCACO J 


B (2.2 equiv. CDI, 
C1CH 2 CH 2 C1) 


43 
22 


[202] 


K u och, 


R'-R'-QH^OO.R'-hI 
R'sR^R'sCtHsOO J 


B (2.4 equiv. CDI, 
C1CH 2 CH 2 C1) 


75 
15 


[189] 


or 

OCH3 


CH3O 
R= CH 3 Q-f VC 


A (ImNa, DMF) 


90 


[203] 



CH30 
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Table 3-11. (continued) 

Carbohydrate Acylated carbohydrate Method Yield Ref. 

RJL l JL 2 #? = H (%) 



OR 4 ^ CH 3 O v 

"~\ ii An «»niiiv rni/ 

63 [204] 



*&&^§\ R'=R' = R> = HR<= CH 3 oJ~\-l Adequiv.CDy 

OCH \s-s/ ImNa, dioxane) 

CH 3 

C 6 H 5 CH 2 OR 

VCI1— O R = CH 3 CO B (C1CH 2 CH 2 C1) 78 [224] 

Hoi£^>\.OCH 3 

N 3 

OR 
CH,C0 2 



HO"^C^—°v R = CH 3 CO B(CH 2 C1 2 ) 88 [212] 

"^.S^V^O-CCH^CO^H, 



NH 
COCH3 



^^S 


*^CH 3 


R =C n H 2 3C 

r' = h,r 2 = 


^^ 


^-«l 


R=C 6 H 5 CO 



OCH, 




KS^-«* fssssr'} ■«» 



83 
6 



[205] 



. .. B(CHC1 3 ) 78 [206] 

)A -^| 61 [207] 



89-93 


[209] 


30 




45 


[208] 


6 





RsCJI^CO B(CHC1 3 ) 



C6H5 ~>or^C\ o Rl = C6H5CO ' r2 = H I 

R^OA^^A^OCH, R'^R^QHsCO > B (CHC1 3 ) 

R'o R' = R 2 =C 6 H 5 CO J 

O Vi^^A R = C6H 5 CO B(CHC1 3 ) 48 [213] 

HO OCH 3 



5 ~^£^>\^--0 R' = H,R 2 = 0^,00 B 40 [210] 

R '° — Jol R ' = C « H5<:0 ' r2 = H 12 

OCH 2 C 6 H 5 



(continued) 
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Table 3-11. {continued) 



Carbohydrate 
R,R 1 ,R 2 ,R = H 



Acylated carbohydrate Method 



Yield Ref. 
(%) 



CH- 
CH 



-O 0"T^ 




R=C 6 H 5 CO 



B (CsF, DMF) 



81 



[215] 



65 [217] 

see also [225] 



HCOH CH, 

CH 2 OR 



R = C 6 H 3 CO 



B (CHC1 3 ) 



56 



[216] 



AcOCH 2 

/sSk 

6a^°-9 h 2 

HCOR 



CH20COC 1 7H ,5 



R = CO(CH 2 ) 5 CO-P-anthryl A (CH 2 Cl2) 



31 



[218] 



C 6 H, 



0^=^/ 



Acp 
AcO 



R^^CO 



B (CHCI3) 



O s^OR 

OAc NHOi 



o^cci 3 

NHOAc 



R = CH 3 CO B(CHC1 3 ) 



75 [220] 



76 [223] 



Remarks to Table 3—11: In ref. [203] the reaction time with base as catalyst was 3 h, 
without base 15 h. In ref. [204] the order of reactivity for the secondary OH groups in <x- 
methyl-D-glucopyranoside was found to be 2-OH > 3-OH > 4-OH. The primary OH 
group (6-OH) was more reactive than the secondary one. The selective acylation is 
thought to be due to the formation of intramolecular hydrogen bonds. In ref. [206] the 
azolide method, in contrast to other benzoylation procedures, revealed a high degree of 
discrimination between the hydroxyl groups at C-2 and C-3, leading to exclusive for- 
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mation of the 2-benzoate. In ref. [209] the reaction with benzoyl chloride/pyridine was 
reported to give a mixture of 3-benzoate as the main product, with 2-benzoate, 
dibenzoate, and starting material. If in ref. [217] benzoyl chloride or benzoic anhydride is 
used for the benzoylation, a significant amount of the other isomeric monobenzoate is 
formed as well. 



3.7 Carboxylic and Carbonic Esters of Polysaccharides 

Ester formation from polysaccharides can be achieved in several ways: First by acylation 
of the OH groups with carboxylic or sulfonic acid azolides, second by converting the OH 
groups with imidazole carboxylates into carbonates, and third by reaction of an acid 
"leash" on the polysaccharide with an alcohol by means of CDI or analogous azolides. 
The acid leash might, for example, be a succinate attached to the polysaccharide. 

Starch esters have been obtained by reactions of starch and carboxylic or sulfonic acid 
imidazolides in aqueous NaOH or nonaqueous solutions, as described in reference [226]. 
The esterification of dextran with butyric or palmitic acid using CDI in DMSO or 
formamide is discussed in reference [174]. 

Carbonates of jS-cyclodextrin are prepared with imidazole carboxylates: 

Yields of carbonates are good (~80%, degree of substitution 4.2-5.7) with the 



ImC0 2 -alkyl + P-cyclodextrin 



pyridine, 60 - 80 °C, 
30 min 4 4,5 h 



>- p-cyclodextrin-OCO r alkyl + ImH 



exception of the methoxycarbonyl derivative ( ~ 50%). It was not possible in this case to 
obtain complete substitution of the hydroxy groups of the /?-cyclodextrin even by using a 
large excess of the alkoxy-carbonylating agent. [227] 

The esterification of dextrantrisuccinate is illustrated by the following example. [228] 



CH 2 OC(CH 2 ) 2 C0 2 H 



c=o 

(CH 2 ) 2 
C0 2 H 



O 

c=o 

(CH 2 ) 2 
C0 2 H 



CDI 
+ CH 3 OH ^ wo ^ > 
3 DMSO 

80% 



C0 2 CH 3 

- -C 6 H 7 2 (OCCH 2 CH 2 ) n (OCCH 2 CH 2 C0 2 H) i . n 

O O 



The required imidazolide in this reaction could also be prepared from imidazole and 
dicyclohexylcarbodiimide. The latter method was used for preparation of the fairly stable 



74 
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benzotriazolides (97%), which are soluble in chloroform and therefore easier to deal with 
than the imidazolides in DMSO. 



3.8 Syntheses of Carbonic Esters (Carbonates) 

The reaction of CDI with a single mole of alcohol yields imidazole-iV-carboxyl- 
ates, f229H231] which by reaction with a second mole of alcohol lead to carbonic esters. 
With Afunctional alcohols CDI yields polycarbonic esters. [1] ' [232] 



3.8.1 Acyclic Carbonic Esters x 

CDI reacts with alcohols and phenols via the imidazole-iV-carboxylates to give the 
diesters of carbonic acid (carbonates). 



CDI 



ROH 



-ImH 



->• ImC0 2 R 



ROH 



- ImH 



->* RO-CO-OR 



By adding one equivalent of alcohol to CDI at room temperature with or without base 
it is possible to isolate the imidazole-iV-carboxylate, which then reacts with a second 
mole of ROH to yield the carbonate. As in the case of alcoholysis of imidazolides, the 
reaction can be accelerated so effectively with catalytic amounts of NaOC 2 H 5 or ImNa 
that it takes place in most cases exothermically, even at room temperature. However, tert- 
butyl alcohol, even when in excess, affords with CDI and base catalysis at room tem- 
perature only the imidazole-A^terf-butylcarboxylate, obviously for steric reasons. At 
higher temperature the carbonic ester is formed. Mixed carbonates such as ethyl benzyl 
carbonate or ethyl terf-butyl carbonate can be prepared with two different alcohols added 
sequentially. [9] ' [229] 



(C 2 H 3 0) 2 CO 



C 2 H 5 OH 



C 2 H 5 OH 
reflux, refluxT\^ terf-C 4 H 9 OH / Na 
1 h, 1 h, 

70% 85% 

C,H«OH 



{tert -C 4 H90) 2 CO 
A 



65 °C, 6 h, 43% 



ImC0A H s ^ ^S£L^ CDI JStC^OH^a^ 

1 2 5 room temp. -» 50 °C, 71% room temp., 2 h, 47% 2 4 9 



C 6 H 5 CH 2 OH / Na 



41% 



room temp. -» 50 °C C 2 H 5 OH / Na 

79% 



58% 



C H OH 
C 2 H,OC0 2 CH 2 C 6 H 3 < 40.50-0.59% lt«C0 2 CH 2 Cfl s 



CjHjOCOj-tert-CH, 
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Imidazole-AT-carboxylates can also be prepared from imidazole and chloro- 
formate. [229] 

The solvents used for preparing carbonates from alcohols and CDI are THF, 
DMF, benzene, toluene, chloroform, 2-butanone, and pyridine. It is also possible to 
carry out the reaction without solvent. A collection of acyclic carbonates is given in 
Table 3-12. 

Table 3-12. Acyclic carbonates. 
Yield (%) Ref. 



CH2 1 CH 3 



OCOjCHj-p-C^OCHa 

Y^CH 3 
OC0 2 CH 2 C 6 H3-2,4-(OCH 3 ) 2 




0-CH 2 < ) 



C0 2 C 2 H 5 / 2 



OC0 2 R 



o 

C 4 H 9 
CH 3 (CH 2 ) 7 



ROC0 2 —j n thymidine R = C h 3 



_ th 



33 [233] 



50 [233] 



u 

CH 2 ^y CH3 93 H 7 76 [234] 

OC0 2 -CH-C 3 H 7 



72 [235] 



O — CH 2 
0=P — 0-CH 2 ~C-CH 2 OC0 2 C 2 H 5 25 [236] 

O — CH 2 



72 


[237] 


34 


[237] 


30 


[237] 


54 


[237] 


46 


[238] 


79 


[238] 



Further examples referred to unsymmetrical carbonic esters of interest are treated 
below. 
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An interesting synthesis of a nucleoside carbonic ester was conducted in excellent 
yield by reaction with l-methyl-3-[2-(/7-nitrophenyl)ethoxycarbonyl]-imidazolium 
chloride (for an analogous introduction of the npeoc-protecting group, see also Section 
3.10.1); t239] as mentioned in Section 3.1.8, methylation of the imidazole unit increases 
significantly the reaction rate. 

HNR 1 HNR 1 

Oo « - Co 

N « p-N0 2 q ft « 4 (CH 2 ) 2 pC-N N-CH 3 N V 

'■V°xJ W CI ^ CH 3 OTiO-i,O.I 

\ 7 CH 2 C1 2 , room temp., 9 h \ 7 

OR 2 OH OR 2 OR 1 

89% 

Ri=p-N0 2 C 6 H 4 (CH 2 ) 2 OC 
R 2 = CH 3 CO(CH 2 ) 2 C0 2 (CH 2 ) u 



In a one-to-one ratio the reaction of CDI with (CH 3 ) 3 Si(CH2)20H gave the corre- 
sponding imidazole carboxylate (97% yield), which was used in a selective protection of 
verrucarol, the parent compound of mycotoxines, as follows: [240] 



CH 3 OTrO 



■g& 



DBU, benzene N^^f y>" I ° 

Ho' CH 3 OH HO > ^ O^CKCH&SKCiys 

verrucarol 54% 

In a reaction of CDI with 2'-0,3'-AM)is(benzyloxycarbonyl)-Ar-desmethyl-6-0- 
methylerythromycin A the corresponding imidazolecarboxylate (K2CO3, THF, 36% 
yield) was formed, which yielded in a further reaction with C 6 H 5 CH 2 OH the 4'-benzyl- 
oxycarbonic ester of this erythromycin A analogue in 40% yield. [241] 



3.8.2 Cyclic Carbonic Esters 

Cyclic carbonic esters can be readily obtained from 1,2-diols and CDI. [242H254] Apart 
from the observed high yields, the procedure is so straightforward that it undoubtedly 
constitutes the method of choice for compounds of this type. The procedure offers the 
advantages of mildness, simplicity, and absence of by-products other than imidazole, 
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which is water soluble and easily removable from the desired product. [245] It also pro- 
vides high yields in cases where no cyclic carbonic esters could be obtained with ethyl 
chloroformate even under vigorous conditions. [245] Cyclic carbonates are widely used as 
protecting agents for vicinal hydroxyl groups, especially in the field of carbohydrate 
chemistry. They are base labile, but relatively stable under acidic conditions. t248] The 
reaction occurs most readily with cfc-l,2-diols whereas, for example, trans-zce- 
naphthenediol provided a cyclic carbonic ester only in low yield. [245] 

Preferred formation of the cw-carbonic ester is demonstrated by the following 
example: [248] 

H,c ch, 
o o 

CACH20CH2-CH-CH-CH--CH-COCH3 

OH 6H ^^ HjC^CHs 

O O 

H,C CH 3 C^CHaOC^-CH-CH-CH-CH-CXKffls 

O O OH CDI^-*-^ 6 6 

' ' f ^^^ Y 

C^HjCHjOCHa-CH-CH-CH-CH-COCH, --^56% g 

OH 



The best procedure for obtaining a cyclic carbonic ester requires that CDI (4 
equiv.) be added gradually over a period of ca. eight hours during refluxing of the 
reaction mixture. However, it was found in the case of cw-cyclohexane diol that if 
the diol and CDI are dissolved together in benzene and the solution heated under 
reflux, the bis(imidazole-A/-carboxylate) is obtained instead of the cyclic carbonic 
ester.* 45 ! 

A cyclic carbonate was utilized as a protecting group for the c/s-diol system in 
butane- 1,2,4-triol: 



CDI 




CH 2 a 2 » room temp. l 30min 




The five-membered 1,2-cyclic carbonate was isolated as the only product 
(regio-selective protection of the vicinal diol system). [2553 Analogous formation 
of a cyclic carbonate containing a secondary hydroxy group is described in reference 
[256]. 

Further examples of cyclic carbonates are collected in Table 3—13. 
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Table 3-13. Cyclic carbonic esters obtained by the reaction of 1,2-diols with CDI. 



Product meld 


Ref. 


Product 


Yield 


Ref. 


(%) 






(%) 




C.H, o 

l >= 


[242) 


o> 


94 


[245J 


o=c>° 


[243] 


Q> 


96 


[247] 


o=c>° 


[243] 


SitfQH,), 






Cn> 


[243] 


\J~^o 


95 


[245] 


Qj°>o 


[245] 


/"^VcHjOSKQH^-ttrt-C^H, 

<Tb 74 


[254] 


XJ-^o 




Y 

o 






CH, ^O^Cfiy 

ChST> ™ 
II HO-i 
CH, O 


[246] 


c ^itea^o 0CH ' 


80 


[245] 


&•& 


[250] 


*^^^ 


90 


[249] 


4-FC 6 H4 CJAjC^lA 




HjCOCX) \,0 






C0 2 CHj 




o ° 








[244] 


^ N N R - (CjH^CO 89 


[252] 


<y 6 

/"N-^\ 




R ~T°4 R = H 


81 


[2531 






\— (H R * CH,SOp 60 


[253] 


JL \ Xjlx 




o o 
Y 






3 CH 3 0-£ 











o 




rt 






R = C0 2 CH 3 92 


[245) 


CH,^Y° 


80 


[251] 


O 




cVS^CONH, 






O^O 68 


[251a] 


' OH 






(CHj)jSiC=C^— ^C=CSi(CH 3 )3 










(CHj) 3 SiC=C CECSKCH^ 
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Cyclic carbonic esters were also prepared, for example, from the cardiac glycoside 
proscillaridine [257] (where besides CDI the benzyloxycarbonylimidazole was successfully 
used), ingenol, t258] the macrolide antibiotic tylosine, [259 > and an erythromycin A deri- 



vative. 



[260] 



3.83 Polycarbonates 

With Afunctional alcohols CDI yields polycarbonates. [5] Syntheses of polycarbonates 
based on the CDI-method in a solid/liquid phase-transfer catalyzed reaction are described 
in references [261]-{263]. 



CH 3 



CH, 



HOC(CH 2 ) 2 COH 



CH 3 



CH, 



CDI/NaorK 
excellent yield 



CH 3 CH 3 

ImCOC(CH 2 ) 2 CO-CIm 

ii i w i ii 



O CH 3 

K 2 C0 3 

[18]crown-6 



CH, O 



p-HOCH 2 C 6 H 4 CH 2 OH 



CH 3 CH 3 
COC (CH 2 ) 2 CO-COCH 2 C 6 H 4 CH 2 C 
O CH 3 CH 3 O 

MW 7000 -50 000 



Analogously prepared: 



-JC0CH 2 C 6 H4CH 2 0C0CHC 6 H 4 CHol- 
[p O CH 3 CH 3 



The synthesis of copolycarbonates from 2,5-dimethyl-2,5-hexanediol and bis(hy- 
droxymethyl)benzene was also achieved by this method. t264] 



If in the synthesis of carbonic esters with CDI one alcohol component is replaced by a 
hydroperoxide, peroxycarbonates are formed. [265] More details on this reaction are given 
in Section 3.11. 
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4 Syntheses of Amides and Analogous 
Compounds with CO-NR Functions 



4.1 Amides and Imides 



4.1.1 Amides from Imidazolides and Amines 

Amides are conveniently prepared by the azolide method, usually in two steps: first by 
reaction of the free carboxylic acid at room temperature with CDI in a 1 : 1 molar ratio 
under elimination of C0 2 the carboxylic acid imidazolide is formed; after C0 2 evolution 
has ceased an equimolar amount of amine is then added. tl] 

RC0 2 H + ImCOIm >* RCOIm + ImH + C0 2 

RCOIm + HNR*R 2 >- RCONR ! R 2 + ImH 

The reaction is complete after one to two hours at room temperature. Amides are 
usually obtained in very good yields. A wide range of solvents can be used, including 
tetrahydrofuran, chloroform, acetonitrile, dimethylformamide, and benzene. t2] The 
reaction can also be carried out in the melt. Examples have been collected in the fol- 
lowing pages. In some cases the intermediate imidazolides were isolated, but the reac- 
tions are preferably carried out as "one-pot reactions". 

Instead of CDI, analogues like A^'-thiocarbonyldiimidazole (ImCSIm), A^W-sulfi- 
nyldiimidazole (ImSOIm), or A^'-oxalyldiimidazole (ImCOCOIm) have been used for 
forming the azolides. 

For the aminolysis of N-acylimidazoles in dry tetrahydrofuran a bimolecular reaction 
is suggested. The rate constant for conversion of TV-acetylimidazole with an ammonia- 
saturated solution in tetrahydrofiiran at 25 °C was found to be 0.01 min" 1 , with 
t 1/2 = 69.3 min. [3] 

The reaction with TV-acetyltriazole is about a hundred times faster; for example the 
rate constant of its reaction with dry ammonia saturated in tetrahydrofuran is 
£ = 0.95 min -1 , with T 1/2 ~0.73±0.015min. t3] (For other reactions with triazolides see 
Section 4.1.2.) 
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1.) Amides prepared from carboxylic acids and ammonia using CDI. Yields refer to 
reaction of the azolides with ammonia. 

Examples: 



rK 






f^^2cONH 2 


^V V 




SCH 3 


SCH 3 CONH 2 ^ OQHj 


(CH 3 ) 3 N ] °BHfiONH 2 


73% [4] 


75% [4] quant. [5] 


32% [6] 


HO > 






THPO THpc | ) 


^^CONH 2 CHjOyN N 

CH 3 


69% [7] 


90% [8] 




l^l CONH 2 |^| CONH 2 
a ^A N Ay. co 2 ch 3 k^A^.^CH 2 




61% [9] 


95% [10] 





2.) Amides prepared from carboxylic acids and primary amines using CDI. 
Examples: 



HC0M/CH 2 CH 2 C 6 H 5 HCONHC 6 H 5 

81% [11] 67% [11] 



HCONH 



<y 



70% [11] 



HCONH-f \ 

NO, V s7 

N0 2 

84% [11] 



UCONH 




N(CH 3 ) 2 

HCON~f \ 

N(CH 3 ) 2 



H 
HCON J 



NH, 



^ N >-CONH)(CH 2 ) 2 -C^© 

vch 3 J 2 C1 e ™ 



82% [11] 



55% [12] 



70% [13] 



4.1 Amides and Imides 



131 




71% [13] 



NHj 



HCOi^/x^CXMffliyCHa^-C^© 



u 



1 a®"* 



51% [14] 



83% [3] 83% [IS] 



84% [15] 



83% [15] *>* tl5] 



78% [15] 



f NH ^ OC^OCH, 



CA-q 



CH 3 OCH 2 Tos 
70% [1Q 

CeHsCHaCOiW 



/N^q-CjH, CjHj-S^S-CjH, (CHWHOyOJ 



PA-o 



Vo 'cBr^^U (CHj)iSi0 "* 



84% [16a] 



90% [17] 
(after desilylation) 



O H 3 C CH 3 



^Q-i^u^v 



CH 3 < 



LA^. 



cojw 



HN NH 

n 
O 

44% [18] 



Cft 



OCH 3 
84% [19] 




78% [20] 



N0 2 Q CH 3 

CH 3 



CH3 



f'iso-C^ 



21% [21] 



52% [22] 



J 
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^CONH-iso-CJl> 



\ t^OAc 



i^Y^^^^^ 



29% [23] 



OAc 




V-6 



89% [24] 



COMTCH, 



OCH 3 
quant [25] 

CONHCH 2 C^i 5 



X& 



CONHCHiCOiC^j 



O 



H 3 C N 



71% [28] 




-CHj 
CHaF 

86% [26] 



CONH-c-C^ 



ClfcCA 
96% [27] 



85% [2] (sec also [30]) 




N 
i 
CH 3 

A^-mcthyl-D-dihydroly8crgic acid 
amide 

85% [29] 

ca 



c^has 



och 3 <» 

72% [31] 



COAWCCH^^CC^yj 



<rycH 3 



92% [33] 



M-ewwCT.jAHrP-otW QCVco^ch^coah, 



a 



51% [34] 
CHO 

-COiOTCCHa^COjCyHs 

N 

! 

H 

42% [35] 



1 
CH3 

70% [35] 




In the condensation of methacrylic acid and Af-dansylethylenediamine to give the 
corresponding methacrylamide in 19% yield (part of the monomer polymerized during 
the purification process), the methacryloylimidazole prepared from the acid with CDI 
proved to be more efficient than methacryloyl chloride : [36] 



4.1 Amides and Imides 133 



CH 3 
CH 2 =C-CONH(CH 2 ) 2 NHS0 2 




N(CH 3 ) : 



V2 



The following amides prepared from 4-(3-nitro-l-pyrazolyl)butanoic acid, CDI, and 
primary amines represent partial structures of the histamine H 2 -receptor antagonists 
roxatidine, cimetidine, ranitidine, and famotidine: [37] 



° 2N t>- 



(CH 2 ) 3 -CONHR R = 




,N 



CKCH 2 ) 3 - 



„(CH 2 ) 2 - 



re- 



94% 



90% 



N 
(CH 3 ) 2 N 



°N^ S .(CH 2 ) 2 - 



66% 



NH 2 KT-^ 



.(CH 2 ) 2 - 



76% 



Other amides with very complicated structures, including the following amides of the 
alkaloid vinblastoic acid, could also be synthesized with CDI: [38] 




C 2 H 5 

N' >T OH 
I HO CONH 



CH, 



HC-R 
0=P-OC 2 H 5 
OC 2 ri5 



Yield (%) 



H 50 

*so-C 3 H 7 35 
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3.) Amides prepared from carboxylic acids and primary amines using azolides obtained 
from acid chloride/imidazole a) or ketene/imidazole systems. b) 

Examples: 

UCONHCtHg (C 6 U 5 ) 2 CBCONHC 6 H s 

93% [39] a) quant. [40] b) 

4.) Amides prepared from carboxylic acids and primary amines using AT,W-oxalyldii- 
midazole (ImCOCOIm). 

Examples: 

CONH C 6 H 5 

HCONHCj*, C 6 HuCONHC 6 H 5 tert-C 4 H£ONH-c -C 6 H U cC 6 H u CONHC 6 H 5 

84% [41] 59% [42] 83% [42] 73% [42] 

91% [42] 




C 6 H 5 CONHC 6 H 5 p-CHjC^COAWQH, p-K0 2 Cjl 4 CONH Cjl 5 ^ Q ^CONHC 6 H 5 

91% [42] 81% [42] 96% [42] 64% [42] 

^ ^CH 2 OWVffC 6 H 5 ^^CONH-c-C^ \^CONHC<H 9 

72% [42] 84% [42] 90% [42] 

5.) Amides prepared from carboxylic acids and primary amines using A^-sulfinyldii- 
midazole (ImSOIm) or phenoxyphosphoryldiimidazole (Im 2 P(0)(OC6H 5 )*. 

Examples: 

^ ^.coc^-Q -V. 

JC ^L Nx N CONH CHCH=C(CH 3 ) 2 

79% [43] 81% [43] 80% [44] 

C 6 H 5 CH=CHCOATHC 6 H 5 

76% [45] * 



CH 
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6.) Amides prepared from carboxylic acids and secondary amines using CDI. 
Examples: 

H£OA F (C 2 H 5 ) 2 HCONCCHjX^Hs CC\£ON (C 2 H 5 ) 2 CC\£ON (CH 3 )Cjl 5 

72% [11] 64% [11] 82% [15] 87% [15] 

HCH 3 



HCONCH 3 
THP-OCH 2 CHCN C ; 



2 H s CON -^CH.QH, C 6 H 5 CON -\s^ C QH <^™£H/YW^| 



84% [46] quant. [47]* 57% (mixture) [48] 72% [48a] 

tert-CJi 9 ^ CH 3 C 6 H 5 

ten -C^COC^CHCpi CON ;1 tertC^COC^CHCHCON (CH 3 ) 2 tert -C^COCHjCHCH CON J 

CH3 CH 3 CH 3 

80% [49] 65% [49] quant. [49] 

CH 3 CH 3 OWV(CH 3 ) 2 j^VA 

CH 3 C0 2 C(CH 3 ) 2 CO^(C 2 H 5 ) 2 Ufi^*^*^*^ |^JL^-COiVCH 3 (CH 2 ) 2 NHCOCF 3 

40% [50] 92% [51] CH3 79% [51a] 




CON O 

CON 



jX^X^XV^v^C 



o 



v-6 

65% [52] 90% [24] 



CH 
CH 



/»> ? H 3 

-f VcOOTjCHCTCOA^J 



N — ^ CH 3 ^ (CH 3 ) 2 NCH 2 -^^-COA^NCH 2 C 6 H 5 

82% [53] 43% [54] 

O 
CH 3 -C 

(CH,) 2 N-^\-CH=CC<W NC 6 H 5 W^COJV NCH, N~\-CON ^Ji^) 
83% [55] 75% [56] 90% [57] 

CoH, 
HjC T^l f^T^l C JL^ C2H ' C 2l_^C0JVCHCH 3 

l m KJ-C- N ^Ks 0^ N >CH-< N >-CO rK «-C 4 H 9 

° H H 

96% [58] 90% [118]* 
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H 3 C\ 



O 

N 

II II 

N 

i 

O 

72% [59] 



CON NCH 3 




CON(C 2 H 5 ) 2 



N 
CH 3 

V-methy 1- D-dihydroly sergic 
acid amide 
99% [29] 



* Further examples are given in the references cited. 



H 3 C\ 




CON(C 2 H 5 ) 2 



d -lysergic acid amide 
81% [29] 
mixture of lysergic and 
isolysergic acid amides 



In the preparation of the oxocarboxylic acid imidazolides in ref. [49] and [53], as well 
as in their aminolysis, the stereochemical integrity was maintained. 

Because of the easy conversion of iV-acylaziridines t471 into oxazolines, this method is 
also useful for protecting carboxylic acids; fiirthermore, it is a means for resolving chiral 
carboxylic acids. 

The last step of the total synthesis of natural (+)-duocarmycin SA, a potent antitumor 
antibiotic, was accomplished by forming the amide bond with CDI in 74% yield: [60] 



CHs °rvvc-o<: 

CHaO^V^-N O J] 
OCH, H * J 




C0 2 CH 3 



7.) Amides prepared from secondary amines and acylchloride/imidazole, 1391 carboxylic 
acid/oxalyldiimidazole, [411 carboxylic acid/sulfkyldiimidazole t61J or isolated imidazo- 
lide. [62] 



n 



HCON 

83% [39] 
98% [41] 



CH 3 
HCOiVC 6 o 5 



H 3 CO-f \-CH=CHCOiV(CH 2 ) 4 N(CH3) 



92% [41] 



30% [61] 



C 3 H 7 C0ArCH 3 




86% [62] 
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8.) Amides prepared from carboxylic acids and amines containing other reactive groups 
(OH, C0 2 H) by using CDI. 

Examples: 

C, 5 H 3I C0AW(CH 2 ) 3 CO 2 H C 4 H 9 (CH 2 CH=CH) 2 (CH 2 ) 7 COiVif(CH 2 )3C0 2 H 

78% [68] 61% [69] 



H->C CH-i CH-j CHo HaC CH 3 CH 3 Gnu 

,CONH (CH 2 ) 3 OH 3 JL L JL L JL 




CH *^^CH 3 C0AW(CH 2 ) 3 OH 




'3 

65% [63] 66% [63] 



CH 2 OH 

™ S ™ »,^1 (C 6 H 5 ) 2 CH0 2 C gJJJJ 

iso-CjH 7 -C-CO-AT J J O CHOH 



i -V /- 



H CH-C=CSi(CH 3 ) 3 >2Ly 

OH FCHfONH 

56% [64] 79% [65] 

C 6 H 5 C0AtoT 




"^C^KCH.OH ^ ^ j 




HO ~V°nJ CONH (CH 2 ) 3 OH 



H 



N ^ O w O 98% t67] 

CH 3 



Ar-methyl-D-dihydrolysergic acid CH 3 i 

amide 94% [29] 



-la 



69% [66] 



C0 2 NH 



h 3 c^c„ 3 ir co ™lb 

H 3 C N CH 3 "^OCH^C/S^ 

O CH 3 

40% [70] 85% [71] 



'2""2 
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9.) Amides prepared from OH- or NH-containing carboxylic acids and amines by using 
CDI. 

Examples: 

nh 2 och 3 






C0 2 H 

92% [72] 



H 2 NCOC0iV#(CH 2 ) 3 O 

72% [74] 



o».-o 



CI 










47% 


[73] 








} 




(C 6 H 5 ) 3 CNHCH 2 COtftf 


J 




R 2 ' 


N- 


■N-(CH 2 ) 2 N(C 2 H 5 ) 2 






R 1 
R 1 


= H, R 2 = OH 
= R 2 = H 


73% [74a] 
77% [74a] 



R 1 = OH,R 2 = H 81% [74a] 




s O-CH 2 -/_]S 



CH 3 
CH^N > *^ S 0*CONH 2 CH 3^ "N^ ^CH 3 

87% [75] 40% [76] 



j^2(CH 2 ) 2 NH -^J-CONH VH CI v r ^C(WIf(CH 2 ) 2 -N^ 

H 2 N^ N ^ COAH, H 2 A^OCH 3 

31% [77] 32% [78] 

H CONH (CH 2 ) 2 N(CH 3 ) 2 2 

87% [79] 58% [80] 50% [81] 

Qy^\-CONH(CH 2 ) 2 C0 2 C 2 H 5 (^jJ^CfliVff CH(C0 2 C 2 H 5 ) 2 fi~\cON r ~\ 

H H CHjO 

88% [35] 88% [35] 85% [82] 



9 ? H fON O 

"OH HO(CH 3 )CH(CH 2 ) 2 




X f c OH 



T jL \ )-CONH CH(CH 3 )C 6 H 5 

N N COiVffC 6 H 5 ^— * 



O OH 

56% [83] 46% [84] 90% [85] 
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In addition to the amides described in ref. [72], further examples prepared by means 
of CDI from amino compounds of the cephalosporin or penicillin type, and various 
heterocyclic carboxylic acids, are reported in ref. [86] and [87] and ref. [88] and [89], 
respectively. 

Sterically Crowded Amides 

Condensation of 4-pyridazinecarboxylic acid with terf-butylamine and CDI opens the 
way to the corresponding sterically hindered AT-terr-butylcarboxamide: [28] 

l.CDI 
N^J 38% Ns^J 

Still more crowded amides were prepared with iV-methyl-2,6-xylidine as the amino 
component [28a] or with 2,4,6-trimethoxyaniline: [28b] 

CH 3 



l.CDI V^ 

2. CH 3 HN-f 7 



2. 
C 2 H 5 2 CCH 2 C0 2 H ^ >> C 2 H 5 O 2 CCH 2 C0AT-f \ 



CH 



_CH 3 



CH, 
3 "" 2 > CH 3 NH-COCH 2 CON- 



CH ,NH^ _ .W\ 



CH 3 



40% overall yield 



l.CDI 

2. 2,4,6-trimethoxy- 



C 12 H 25 -N'V CH ( C 6H 5 )C0 2 H -=Sj^ 

N=N 



OCH3 



C12H25-N' ^CH(C^5)CX)Ntt-^y-OCH3 

n=n y^ 

OCH3 

For the preparation of sterically crowded amides amino magnesium salts have been 
recommended for the reaction with imidazolides in order to increase the nucleophilicity 
of the amine moiety. Amino magnesium salts are prepared from the appropriate amines 
and ethyl magnesium bromide in tetrahydrofuran: [90] 

RC02 h -^L_^ RCOIm R ' R2NM ? Br > RCOiVR'R 2 
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The following are further examples of amides prepared from carboxylic acids/CDI and 
primary amines activated by magnesium salts (additional examples are reported in ref . [90]) : 



u C CONH-tert-CJAg H,C CONH-tert-C 4 H 9 





1 -adamantyl- CONH-tert -C 4 H 9 

90% 88% 



(C 6 H 5 ) 2 CHC0NH-terf-C 4 H 9 tert-CJ^CONH-X -adamantyl 
82% 92% 

This method also provides the amide from the reaction of diethylamine with the A 1 -4- 
aza-5a-androsten-3-keto-17-carboxylic acid in 92% yield. [9 °* 

Sterically hindered amines like 2,6-dimethylaniline can be formylated with AT-for- 
mylimidazole in excellent yield starting from formic acid and Af,N'-oxalyldiimidazole: [41] 

CH 3 



ImCOCOIm + HCO^H ^ ImCHO ^ — ^ ^ VNHCHO 



CH 3 

93% 



4.1.2 Syntheses of Amides with Other Azolides 

1. Pyrazolides with various substituents are sufficiently reactive to yield amides in very 
good yields: 

a) 2 CH 3 CI CI 

O-C-CHP-Q-Cl SS50°C,2h > Wffl-C-CH.O-^-Cl 
R ,x ™ o O N=/ 



R 1 


R 2 


Yield (%) 


Ref. 


CH 3 


H 


74 


[91] 


CH 3 


N0 2 


87 


[91] 


C 6 H 5 


H 


94 


[91] 


C 2 H s O 


H 


89 


[91] 
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b) 



c) 




I N-COCH 2 CN - > | ,>- NHCOCH 2 CN 

HC ^N toluene, reflux %X^n 

91% [92] 



CH 3 C 6 H 5 

N-COCH(CH 3 )COC 6 H 5 C "^ > CH 3 NHCOCH(CH 3 )COC 6 H 5 
/_C 3 H 7 hexane 84%. [92a] 



2. Examples of amide syntheses based on the more reactive triazolides are presented 
below: 

a) An efficient synthesis of N-protected ribonucleosides like cytidine or adenosine was 
performed by use of l-phenoxyacetyl-l,2,4-triazole under additional application of the 
transient protection of the sugar OH-groups by silylation. f93] 



NH, NHCOCH 2 OC 6 H 5 

JL- 1. <CH,), SiCI/pyridine 1 

**.„s 2 I N-rnrH.nr.H. r<*^^.s 



HO 



1 J t* 1 ^ 

O^IsT ^^N-COCHjOQHj O^N 

X°^) 3. NH 4 OH HO-^OJ 

' ' CHiCN ' ' 

OH OH ^n 3 ^n QH QH 



88% 



b) 



— v N ^^* R ™ 



R 


Yield (%) [42] 


Q H 13 


88 


rm-QH, 


80 


c-QH,, 


67 


C fi H, 


83 



from RC0 2 H and 
oxalydi( 1 ,2,4-triazole) 



c) In the synthesis of 8-methylcercosporamide, an amidation was achieved using 
A^'-carbonyldi-l,2,4-triazole and NH 3 , the tert-butyldimethylsilyl group predominantly 
is split off in this reaction.* 941 
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ten -C 4 H9Si(CH 3 )2 



^N N^ HO 




CO.H 



tert -QJi^HCHfo 

HjC^^AvJZj^^ H 3 C. 

+ 
HO^^V^O'^^O HO 




O-N 




d) Formylation of amines is feasible in a one-pot reaction via Af'-formyltriazole, 
prepared from formic acid, oxalyldichloride and 1,2,4-triazole (overall yield 82%)P 9] 
However, the combination of imidazole/triethylamine instead of the triazole gave a 
higher yield (95%). 



1.C1COCOC1 



HCO 



2.1,2, 4 -triazole «z N N C*H«NH, 

H — 7ZT7Z — > I N-CHO » * J > HCONHQH 



CH,C1 



N<*/ 



CH,C1 2 



e) A^-Formylbenzotriazole was demonstrated in a series of reactions to be a con- 
venient Af-formylating agent. [951 




N « 


R*R 2 NH 
THF 


-^ hconr'r 2 








> 


R 1 


R 2 


Yield (%) 


N 

l 




C 2 H 5 


C2H 5 


78 


CHO 






C 6 H 5 CH 2 


H 


84 








CA 


H 


59 








2-thiazolyl 


H 


78 



As for the reaction with alcohols A^-trifluoroacetylbenzotriazole is conveniently used 
for trifluoroacetylation of primary or secondary alkyl or aryl amines to give excellent 
yields of trifluoroacetamides:* 95 * 3 
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\ ZZ" > CF 3 CX)NR 1 R 2 

/ THF, room temp, or 

? (C^H^O, reflux, 3-6 h 

CX)CF 3 



R 1 


R 2 Yield (%) 


C&fiHaOh 


H 100 


m&c 


H 95 


VmjCJU 


H 90 


Cfift 


CA 85 



f ) 2-Aminoethanol, derivatives thereof, other aminoalcohols or aminophenols are 
selectively acylated at the nitrogen with N x -benzoyl- or trifluoroacetyl-benzo- 
triazole [96][95a] and A^-acetylpyridinotriazole. [97] 



-cVS 

5 l^N(CH 2 ) 2 OH C 6 H 5 CONH(CH 2 ) 2 OH 

THF, room temp., 2 h 6 5 ^2/2 



84% 



O 

11 



HO NH 2 HO HN-C-CH3 

CH 3 CH-CHC0 2 CH 3 CH 3 CH~CHC0 2 CH 3 



N 



->> 



76% 




OH 
COCH 3 \ K^ ^/NHCOCH 



t/ ^W^nh 2 



3 



->* 



93% 

g) In the amide synthesis by means of a A^-methylsulfonylbenzotriazole as con- 
densing agent a mixed anhydride is presumably formed as the intermediate acylating 
agent.™ 



,och 3 r f * N x och 3 

N CF,^^N N H 



H2 nA s > 2 + ^Nyi^^CHj 90% ^ H 2 nA s > ° J~Ny*L^CH 2 

co 2 r a co^ a 

R = (CJl 5 ) 2 CH 



3. A wide array of aliphatic and aromatic amines has been converted to amides in very 
high yields by the particularly reactive tetrazolides. The reaction temperature was 
10 °C to 20 °C. Higher temperatures (refluxing THF) should be avoided because of 
instability of the tetrazolide, which in this case was prepared from benzoyl chloride 
and phenyltetrazole in 68% yield. [99] ' [100] 



144 



4 Syntheses of Amides and Analogous Compounds with CO-NR Functions 



V* 



*H 



N*H 



RNH, 



.^-COC 6 H 5 and/or ^J^N-COC^ ^^ > MWOOCft 



QH 5 



Yield (%) Ref. 



C 6 H 5 99 [99] 

p-N0 2 C 6 H 4 34 [100] 

2-C 10 H 7 67 [100] 

CJi, 99 [99] 



4.1.3 Amides of Amino Acids 

Amides of Amino Acids Involving the Carboxyl Group 

Examples are given in Table 4—1 for the synthesis of amides of ^-protected amino acids 
by means of imidazolides and triazolides (where Z and Boc represent the protecting 
groups benzyloxycarbonyl and terf-butoxycarbonyl): 



TABLE 4-1. Amides of TV-protected amino acids. 



Amide 



Coupling agent 



Yield (%) Ref. 



Z - NHCH 2 CONH-A „ J 



CDI 



84 [101] 



CH 2 C 6 H 5 N^ 
Z-NHCHCONH— ^ J 



CDI 



72 [101] 



CONB, 



C 
Z-NH& 



3 H 7 V^ 

:hconh-< ,n 



N 
H 



CDI 



51 [101a] 



Z-NHCH^ONHQIVp-CO^Hs 



CDI 



95 [102]* 



Boc-NH(CH 2 ) 3 N(CH 2 ) 2 CONH-c-C 6 H 11 CDI 



87 [103] 



CH 2 C$H 5 
Z-Leu 'CON-CHC0 2 -tert-C 4 H 9 
CH 2 C(CH 3 ) 2 C0 2 H 

<pH 3 
Z-NHCHCONHCgHj 



CDI 



O 

II 
Im-P-Im 

OC 6 H 5 



26 [104] 



92 [45] 
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Table 4-1. (Continued) 



Amide 


Coupling agent 


Yield (%) 


Ref. 


CH 2 C 6 H 5 
Z -NHCHCONH-c-CgH! x 



^N-SO-N^, 

2C1 G 


CH 3 ^ 

3 72 


[105] 


Z-Gly -NHC 6 H 5 




85 


[106] 


Z-Gly-NH-c-CgHn 




81 


[106] 



* Further examples are described in the references cited 

1 ^-labelling of amino acids was achieved via the amino acid imidazolides: [107] 

LCDI 

2 l5 NILCl 
Boc-Asp-OCHjCcft 3 ' (C jg\jg> Boc--[4- l5 N]Asii--C)CaH a C 6 H 5 

81% 

The same method was used to prepare Boc-[5- 15 N]Gln-OCH 2 C 6 H 5 in 54% yield [107] 
and Boc-NHCH 2 C0 15 NH 2 in 77% yield. [108] 

The reaction of an amino acid imidazolide with a diamino compound could be 
directed so that a mono amide was obtained in good yield, [109] as shown by the following 
example: 



CHjNHj 




CH 2 CH(CH 3 ) 2 V^CH NH CH 2 CH(CH 3 ) 2 / -_ 

Boc-NHCHCOIm 2 2 > Boc«NH-CH-CONHCH 2 -f J 

CH 2 NH 2 

Another method for the synthesis of amino-acid amides entails the conversion 
of A^-(l-benzotriazolylcarbonyl) amino acids with amines in anhydrous or aqueous 

systems: [110] 

N R 2 NH ? 

N 2 > H 2 NCHCONHR 2 

N R 1 f^Y^ 

0=C-NHCHC0 2 H "" k^JL ^' ~ C ° 2 

H 
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R 1 



Yield of 
amide (%) 



C$H 5 C$H 5 CH 2 78 

CaHjCHj CH 3 S(CH 2 ) 2 CH- 63 

CH 2 OH 



CH, 



c-QH 



UL 



93 



The reaction mechanism was not discussed by the authors. 



Amides of Amino Acids Involving the Amino Group 
(7V-Acylamino Acids) 

Examples of amides of this type synthesized via azolides are presented in Table 4-2. 

Table 4-2. N-Acylamino acid esters. 

Amide Coupling Yield Ref. 

agent (%) 



CF 3 COAr»CH 2 C02C 2 H 5 

Oi 3 CONH 

p-CHjQ^SC^OCHzCHCOzCHa 

CH 3 
Boc-NH(CH 2 )3N(CH 2 )2COArifCHCONHC 3 H 7 
Boc 

CH,CONH -C-CONH -CHCON(CH 3 )2 
CH 3 

9H3 
<pi 3 9HOH 

C 2 H 3 -CH(CH 2 ) 4 COAW-9H-CONH-CH-C0 2 CH 3 
(CH 2 >2 -NH-Z 



CHAH, \ 



O-^CHjCONH-CHCafoHsl 



4 



tert-fyH, CH 2 CH(CH 3 )2 

CH 2 CONH -CHCONH -CHCOAHj 



CH 2 QH4-p-OH 
CONH-CH-COiCH) 
CH 3 




CDI 



51 [15] 



CH 3 COCl/taiH 40 [Hi] 



CDI 77 [103] 



CDI 87 [7] 



CDI 71 [112] 



ImSOIm 70 [113]* 

see also [114] 



CDI quant. [114]* 



CDI >40 [115] 
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Table 4-2. {Continued) 



Amide 



Coupling 
agent 



Yield Ref. 
(%) 



9H 3 9H 2 CH(CH 3 ) 2 

^^SYCH'CONH-CHCOiCiHi 

CONHCHjCOjH 

H 3 C-/>CH 3 

H 3 C ff CH, 

O- 

? NH-Boc 
jT N ^CONH 2 

^S^CONH -CHC0 2 CH 3 

H 3 C C 2 H 5 C ft^s^COiVH-CH 



HN N ^N 



<pi 2 C 6 H 5 
COATH-CHC0 2 C 2 H $ 



ImSOIm 



CDI 



CDI 



CDI 



85 [116] 



40 [70] 



83 [117] 



85 [118]* 




(CH 2 ) 4 NHC(QH 5 ) 3 
(CH 2 yCONH -CHCOjCH, 



ImCSIm 



~(CH 2 )£ONH -CHC0 2 CH 3 
CH 3 CH 3 (CH 2 ) 4 NHC(C 6 H 5 ) 3 



53 [119] 



(CH 2 ) 4 ~CONH<piC0 2 CHs 



CDI 



Oil 



57 [120] 



* Amides derived from other amino acids are described in the references cited 
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In the following examples, acylations of amino acids were accomplished with the 
more reactive AT-acylimidazolium compounds in aqueous systems: [105] 



R ! COCl + N N-CH 3 - 

r'con x n-ch 3 CI 

W 



^ R^ON N-CH 3 CI 

w 

R 2 

H 2 N-CH-CO,H , « 

— * 2 — $► R^ONHCHCCKH 



Amino acid 



Yield of 
amide (%) * 



£7^15 


glycine 


H 


quant. 


C 6 H 5 


glycine 


H 


85 


C 6 H 5 


serine 


CH 2 OH 


35 


CH 3 


leucine 


CH 2 CH(CH 3 ) 2 


88 



* Additional examples are described in the references. 

AT-Trifluoroacetylations of amino acid esters by a pyrazolide are described in refer- 
ence [121]. 

R 

3 ^ N -COCF, H 2 NCHCQ 2 CH 3> CF,CONHCHC0 2 CH 



"P* 



2 ^n 3 



CH, 



Yield (%) 



H 67 

CH 3 54 

CH 2 CH(CH 3 ) 2 65 



4.1.4 Amides by Reaction with Polymer-Supported Azolides 

Azolides can also be used in amide syntheses with very good results when incorporated 
into copolymers. For example, reactions with l-acyl-4-vinylimidazole/divinylbenzene 
(96:4) copolymer in solvents like 1,4-dioxane or acetonitrile provide amides in good 
yields within 1-4 h: [122] 

Table 4—3. Amides from l-acyl-4-vinyl imidazole/divinylbenzene 
copolymer. 



Acyl group at 


the polymer 


Amine 


Yield (%) 


acetyl 




HOCH 2 CH 2 NH 2 


86 


acetyl 




c-C 6 H u NH 2 


97 


acetyl 




piperidine 


71 


propionyl 




C^rl^Cri2JMrl 2 


98 


benzoyl 




C 6 H 5 CH 2 NH 2 


84 


benzoyl 




piperidine 


92 
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It is interesting that one observes exclusive 7V-acylation of ethanolamine even when 
the molar ratio of polymer-bound acylimidazole to amine is 1 : 2. 

Other acylations using the copolymer l-acyl-4-vinylimidazole/divinylbenzene/ 
styrene (48:4:48) in solvents like 1,4-dioxane, benzene, diethylether, or acetone pro- 
duce within reaction times of three hours the amide yields listed in Table 4-4. [122] 

TableE 4-4. Amides from l-acyl-4-vinylimidazole/divinylbenzene/ 
styrene copolymer. 



Acyl group in 


the polymer 


Amine 


Yield (%) 


acetyl 




QHsCHjNJ^ 


92 


acetyl 




C 6 H 5 NH 2 


97 


acetyl 




tert 'C A H^H 2 


63 


propionyl 




C 6 H5CH 2 NH 2 


98 


benzoyl 




C^tIjCit^jN H-2 


84 


benzoyl 




c-C 6 H n NH 2 


45 


benzoyl 




piperidine 


67 



4.1.5 Amides via Oximinoimidazolides 

Oximinoimidazolides can be obtained from oximes and CDI with retention of stereo- 
chemistry; heating in octane or nonane under anhydrous conditions leads to their con- 
version to imidazolylimidates: [123] 

R 1 O 

/ CDI N"^ " 

HON=C T „ > I N-C-0-N=C 

^ 2 - ImH ^5^ 

R 



R 1 
\ 2 


-± ^ 

octane or 

nonane 




N-R 2 




R 1 


R 2 


Yield (%) 




CH 3 


CsH, 


77 




qft 


CJIj 


95 



Hydrolysis then provides the amides in good to excellent yields (R^CHs, 
R 2 = C 6 H 5 , quant; R 1 =R 2 = C 6 H 5 , quant; R 1 , R 2 = (CH 2 ) 5 , 55%). 

A modification of this method, related to the Beckmann rearrangement, entails 
treatment of a ketoxime with one equivalent of CDI, then four to five equivalents of a 
reactive halide such as allyl bromide or methyl iodide (R 3 X) under reflux in acetonitrile 
for 0.5-1.5 h. Quaternization of the imidazole ring effectively promotes the reaction by 
increasing the electron-withdrawing effect. The target amides then are obtained by 
hydrolysis. High yields, neutral conditions, and a very simple procedure make this 
modification of the synthesis of amides by azolides a very useful alternative. [124] 
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R 1 „. ^ Q R 1 . 



/ CDI N - ^ " / R 5 X 
HON"C s >■ I N-C-0-N«C s 

R 2 R 2 



© *-S*v 9 , Rl h 2 o ,9 2 

X ^ |a/ N-C-0-N"C s > R'C-NHR 2 

R 1 R 2 R 3 X Yield (%) 

CH 3 P-CH 3 C 6 H 4 CH 2 =CHCH 2 Br 93 

CJA 5 C 6 H 5 CH 2 =CHCH 2 Br 80 

C 6 H 5 CH 2 C 6 H 5 CH 2 CH 2 =CHCH 2 Br 93 

C 6 H 5 C 6 H 5 CH 2 =CHCH 2 Br 80 

QHsO^ C 6 H5CH 2 CH 2 =CHCH 2 Br 93 

-(CH^- CH 2 »CHCH 2 Br 93 

C 2 H S Qft CHjI 98 

4.1.6 Diamides of Dicarboxylic Acids 

The following diimidazolides, prepared from the dicarboxylic acid, are quantitatively 
converted with amines into the corresponding diamides: fl25] 

ImOC(CH 2 ) 4 COIm ?ffi ^L • > QHjHNOCCCH^CONHQHj 
lzu c, id nun 

ImOC-^^COIm ^ffi^ h > C 6 H 5 HNOC-^^-CONHC 6 H 5 

Diamides can also be prepared in a one-pot reaction using CDI or ImCSIm, dicar- 
boxylic acids, and amines: 1126 * 

JT\ °* > [dumidazolide] -^ > r~\ 

H0 2 C-^N/^(CH2) 3 CX) 2 H H 2 NOC-*N^(CH 2 ) 3 CONH 2 

From the cw-compound, the cw-diamide was obtained exclusively (80% yield); 
analogously, the /rans-compound is obtained from the corresponding trans starting 
material. 

The bisbenzotriazolides of terephthalic acid or isophthalic acid react with 2-amino- 
ethanol to give bisamides selectively in high yield: [96] 

8" -c-Q-c-^n SSSSLm^ hcxch^hco^Q-co^ch^oh 
V_/ 99% 
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The carboxylic groups of hemin are successfully converted into a bisamide by means 
of ImCSIm without affecting other functional groups of the hemin [127] (see also Table 
4-2 in Section 4.1.3): 



HC»CH 2 CH 3 

h 3c-< ^t^tV ch=ch 2 lm tocs^ 



H 3 C 




CH, 



(CH^ (CH^ 

C0 2 H COjH 



2. CHsOsCCCiyjffls . 
70% 



HOCH 2 CH 3 
H 3 C "^^ r ^^Vr" CHa:CH 2 



H,C 




(CH 2 ) 2 (CH 2 ) 2 

CH 3 2 C(CH2) 6 HNCX: CONHCCH^CO^ 



A further example of bisazolidization is the formation of a diamide from a succinic 
half-ester of poly(ethylene glycol) (MW ~ 2000) via a bisimidazolide (A) or a bisben- 
zotriazolide (B): [128] 



o 

ii 



HO^CCH^CCOCH^Hj^OCCCH^jCOjH 



ImHor 

benzotriazole 

DCCCHCK 



O O 

ii ii 



o o 

II II 



■^ XC (CHj^CCOCHjCH^OCCCH^ CX 




/ — \ 9 9 9 9 

O N-CCCH^CCOCHjCH^OCCCH^C-N O 



X= N^N- or 
W 



**%- 



4.1.7 Lactams 



A: 94% B: 70% 



Macrocyclic lactams making use of the double reaction of bisimidazolides — in this case, 
prepared from the corresponding dicarboxylic acids by in-situ reaction with 
C 6 H 5 POIm 2 - were obtained in acceptable yield considering the unfavorable ring sizes 
of the products: [129] 
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I £c-CB,-X-CH,-C?£ i 






a 



pyridine 
60°C,25h 



^C-CHa-X-CHa-C^ 
NH HN 



-(CHa-O-CH^^O 




^ 



X 


n 


Yield (%) 





1 


41 





2 


14 


s 


1 


18 


s 


2 


16 


NCH 3 


1 


10 



A similar reaction of a bispyrazolide to a macrocyclic dilactam was also success- 
ful: [130] 



r N- C( cH 1 ocH J ),c-N^r *2gs? > °< > 

m rw ° ^ ° 



4.1.8 Imides 

Dicarboxylic acids were converted in a "one-pot procedure" with CDI (boiling THF, 
15 min) into the bisimidazolides, and then by subsequent treatment with aliphatic, aro- 
matic, or heteroaromatic primary amines into imides (piperazine-2,6-diones) in excellent 

yields: [131] 

/-coim ^ 

^^ ^ v „_ reflux, scvcndh ^^ ^ \ / 

COIm ^ 

O 



Yield (%) 



plieayl 88 
4-metiioxyplienyl 98 
4-nitrophenyl 94 
2,6-dimethylpheiiyl 79 
2,6-dichlorophenyl 90 
1-adaraantyl 65 
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For the reaction with sterically highly demanding amines the higher boiling solvent 
dioxane is used in order to obtain good yields. With ethylenediamine as amine compo- 
nent, an ethylenedipiperazine derivative is obtained from (benzylimino)diacetic acid in 
good yield. [131] 

The following examples illustrate the intramolecular cyclization of suitably sub- 
stituted systems by the intermediate formation of azolides: 



o och 3 o OCH, 

83% [131] 



W^J *™* _ ^if^X 



n*^\ era 

^yco^ ^ 






67% [9] 
NHWCHjk-N N-CA-o-OCH^ 



92% 



CH 3 H CH 3 



CDI 



O 



TOP, A, 83% V^NHCONHCGH^-Nf^N-CA-^-OCHs 

CM3 



™3 9 JCH^-N N-Cy^-o-OCH, 
CH, H 



aw chj 

,0 



1 

|^ ImCONHQsHs 



\? 



^""^ 72% [133] 



CA 



This type of conversion of a cyclic anhydride into an imide was also applied in the 
following double reaction to give a bisimide in surprisingly good yield: [133] 
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O CHs CH 3 o 



o 



NCCH^ 



90 °C 



X fCH,l CH 3 o (> H 3 C rH,c"| , 



84% 



4.1.9 Some Special Azolide Reactions Related to Amides 

Acylsulfamoyl Compounds 

The reaction of imidazolides of carboxylic acids with sulfamoyl compounds affords the 
corresponding acylsulfamoyl derivatives. 



Boc-NH 



Boc-NH-CH-CONHSO^OO^^^ 



w 






Ascamycin 
amalogue 



O O 

X 

H 3 C CH 3 

86% [134] 



CO 




'CH^CONHSOjC^-p-CH, 



CKp' 
31% [135] 

Leukotriene D 4 antagonist 



Primary Amines from Carboxylic Acids 

The carboxylic acid group is converted by CDI and sodium azide into an acid azide, 
which via a Curtius rearrangement gives the corresponding amine. [l35al 







l.NaN, 



O 



N 



_^ s -a va (100 g C,l.Sh)^ N — N 

S.CHjCOjH II I] 

N' 
44% 
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Secondary and Tertiary Amines via Amides 

Tertiary amines have been prepared in good yield by a repetitive generation of imida- 
zolides and subsequent reduction with borane/dimethylsulfide, tl36] as the following 
examples show: 



ROCCHMWCiH, -SJS^-J-IKXCHWKVH, "llW? > ROCCH^NCVH, 

- Kf ■*■ C> • Or • QT . cv 

CI \w» 

CH 3 



LiAlHU has also been applied as reducing agent of the resulting amide group. tl37] 

l.CDI 

2. HN N-f J (39%) 



Or- 



3.LiAlH 4 (16%) 




N / 




O O 
\ / 



Amides from Heterocyclic Amino Compounds 

Heterocyclic amino compounds including, for instance, 2-aminothiazoles or 2-amino- 
benzothiazoles, which contain a nitrogen in the ring capable of forming tautomeric 
structures, yielded the corresponding amides, although in general in lower than usual 
yield: [138 l 

O k CH 3 O N CH, 

C 2 H 5 OCCH 2 COIm + H 2 N^ H -— >> C 2 H 5 OCCH 2 CONH~< |J 



Other heterocyclic amines used for the synthesis of amides include, among others, 
4-amino-l,2,3-trimethylpyrazolone (27%) and 6-aminoindazole (15%). 
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The yields of malondiamides starting from various malonamic acids are, however, 
higher:^ 38 ! 

(C^H^COC^COIm + RNH2 ^ (C^^NOX^CONHR 

OCH 3 

H3C N r^N-- N *^N- N 

R- T y ,52%; [ £ >- ,38%; JT [ V .71% 

For similar cases of tautomeric heterocyclic amines, fairly good yields have been 
reported: [101] ' [52] 

„„ /V4 „ l.CDI _ N^N 

N"^ CjHjCONH^S^ 

2 - A J 

H^^S^ 90% [101] 



jO 

HiN^N^ 53% [52] 



l.CDI 
RCOjH > 

, „ RCONH^N 

2. 




Some heterocyclic amides, in principle similar to those described above, were shown 
to cyclize in a Michael type reaction to give anellated pyridones in excellent yield: [139] 

o o 

»* R-H, 98%;GH 9 ,89%;GA,99% 



Amides by Reaction with Acylimidazolium Salts 

While with AT-acetylimidazole (A) only primary amines are generally converted to amides 
in high yields, and secondary amines are formed in moderate or low yields, both primary 
and secondary amines can be acetylated in high yield using l-acetyl-3-benzylimidazo- 
lium bromide (B) at room temperature: [140] 
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CH 3 -C-N N-CHjCeHc Br + R*R 2 NH 

w 



1- K K XNtt ^^, 
CHC1 


-— — : ^ CH3CUIN* 

3 , 30 nun J 


Amine 


Acylating agent Yield (%) 


(n-C 5 H n ) 2 NH 


A 5 


(n-C 5 H n ) 2 NH 


B 94 


piperidine 


B 93 


C 6 H 5 CH 2 NHCH 3 


B 91 


CH 3 

j — 6 




Q-* 


B 80 


>fflsrs \ 





A similar principle of increasing the reactivity of imidazolides was used for the 
acylation of cyclohexyl amine and amino acids in an aqueous system: tl05] 

RCOCl + N^N-CH 3 mCth0dA > R-C-N"*N-CH 3 CI® ffi'^ RCONHQH,, 

\_/ \ =s j 3 n 2 o ^" 



»A 

ymeth 



RC0 2 H 



(from SOCl 2 + N^ W-CH 3 ) 



method B R Method Yield (%) 



C 3 H 7 


A 


95 


C«H 5 


A 


95 


C 6 H 5 


B 


90 


C *H 13 


A 


quant. 


CfiH^ 


B 


70 



Dicarboxylic acids are analogously converted to diamides: [105] 



& O O an 

^ ClOCXCOCl *^ ■■ » •V* 

2 N N-CHj > CH 3 -N N-C-X-C-N N-CH 3 



o o 
c- ^HhNH^ c .c 6 h iiNH c-x-cnh-c-c 6 h 11 x= -CH 2 -CH 2 - 80% 

X= (v } 70% 
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Amides by Ring Cleavage of a Furan Compound 

A special case of amide formation was observed in the reaction of a fttran-2-carboxylic 
acid with two moles of CDI and subsequent conversion with amines. In this reaction, 
besides formation of the imidazolide, addition of imidazole also takes places. [141] 



R CQjH 



t$ 



2 CDI 



ayckTh 



R COIm R ex??* 

L O 



r uuim 



R COha 



Q 



R COIm 



dfflm -= >* 

OH 



Im-C-O 

ii 
O 



n 



CHIm 






-CX>2 to 



R COIm 
CHIm 



83% 



^ CONHs 

93% 



a ^^ s V /Ns i 



CH 3 



JsJk^ N 



Analogous products are obtained if 2-furylmethylamine, di-w-propylamine, or Af-(1,5- 
dimethyl)hexylamine are used instead of NH3, with yields of 67, 88 and 84%, respec- 
tively. 



4.2 Acylation of Diamino and Triamino Compounds by 
Azolides 



4.2.1 Reactions of Azolides with Diamino Compounds 

Diamines react with azolides to produce diamides in cases where the nucleophilicity, the 
steric situation, etc. for the two amino groups are similar. If this is not the case, azolides 
may react selectively to give monoamides, as the examples below illustrate. 
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Examples of monoamides from diamino compounds using CDI: 



a 



aC»-N-(CH 2 ) i NH 

30% [142] 
H 




a 



a 



Fc 

6 



cam-ten,), 



t> 



24% [143] 



,cam& 



™ . ," N-N „, ^-^*-w 



c*h, 

84% [144] 



SKCHj) 
CH,0 > A Y OCH(CH3) 2 

^C-nV* 

II IT N 

O H H 
79% [145] 




COjCH, CONH-X-NH 
X-(CH a ) || ,n-2A4 50-60% [146] 



An example of the aminoacylation of a 5-aminotriazole with a pyrazolide is presented 
in reference [147]: 



CH 3 



ch 3 



CHjCN + 



rV 

NH2 



lh f icflux > N^ O 

NH-C-CHjCN 



88% 
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Treatment of 3-amino-l,2,4-triazole with l-acyl-l,2,4-triazole containing acetyl, 
benzoyl, or ethoxycarbonyl groups leads to an acylation of the ring nitrogen (method A), 
whereas with l-acyl-l,2,4-triazoles containing electron- withdrawing groups in the acyl 
function acylation at the exocylic amino group is achieved (method B):* 148 * 



— * J>- c - R 



R 


Yield (%) 


CH 3 


93 
93 
94 




R 


Yield (%) 


CHjCl 95 
CHF 2 88 
(Cy^CFs 91 



f N-COR + X ^H 

RCON N 



A sequence of imidazolide reactions was used in the following synthesis: 11491 

HOjCCHjNGBjCX^CzH, 
(CHA 
CH.V^^^NH, RCO.H ._. ^^-^NHOOR HAO a CCH»NCH 1 CO»C 2 H i 

OT3 '^NXX.NH, CDI.68** ** "n^NH, CM, 75% 

CH.-N /V ^ NHCOR 

"* N^^NHCOCHjNCHaCOAH, 

(CHA 

H 5 C 2 O^X31jNCH 2 CQ,C 1 H5 




Eventually, the nitro group in the product was catalytically reduced (Pd/C, H 2 ) to an 
amino group, which was acetylated with acetic acid and CDI in 54% overall yield. 



4.2 Acylation ofDiamino and Triamino Compounds by Azolides 

4.2.2 Reactions of Azolides with Triamino Compounds 

Syntheses of Triamides: 11501 



161 



(CH a ) a NH a 
91% 



R 

c=o 

i 
NH 

O (CHjfe O 

RCNHCCH^N (CHafeNHCR 



O 

ii 

R-C-Im 



S ,°H 



H 2 N(CHQ a NH(CH a ) 4 NH 2 



93% 

(JHgNHCH} 



CHjNHCHj 






CH2NHCH3 



70% 



R 
O c=o O 

RCNH(CH 2 )jN(CH a ) 4 NHCR 

R 

1 

c=o 

CHaNCH, 



CHsNCHs 

! 
C=0 

I 
R 



A 



O^NCH, 

I 

c=o 

I 

R 



Selective Acylations to Diamides: 

C^COxH + H 2 N(CH a )^H(CH 2 ) 4 NH 2 



CDI 



■^ Q i H 5 CONH(CH 2 ) 3 NH(CHj) 4 NHOCC 6 H 3 
78% [151] 



A similar diacylation of spermidine is also described with the imidazolide of 
dibromopyrrolcarboxylic acid. tl51a] 

Analogous diamides are prepared by using other carboxylic acids and triamines. [151] 

RCONHCCH^.NHCCH^.NHCOR 



R 


» Yield (%) 


Cft 


2 70 


C5HA 


2 75 


2XCH,0) J CA 


2 77 


23KC fi H s CH a O)A»3 


2 72 


QHsCH, 


3 82 



The two primary amino groups of spermidine can be selectively acylated by the following 
two routes: [151a] 



HB^CB^mpO^Bk ^^ HN^N-(CHJ,NH, 



M 






HN^N-CC^NMoc 

|m> a ccH a cpAH, 



H 

ZHOjCCHjCOjCjH, 



H 2 N(CH 2 ) J NH(CH^4NHC-^ N >-Br 
68% H 



H 

H^CCH^jNCCH^^NH-Boc 

Br 

"COIm 



.XXc 



N 

H 



V-* T 2. 3NHCI, CH3OH 

* N ^CNH(C«W,NH(CH a ) 4 NH 2 
H 30% 
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4.3 Synthesis of Polyamides and Polyimides 



The azolide method has also been used for the synthesis of polyamides and polyimides. 
These can be obtained by several routes: First by condensation of two dihomofunctional 
components (dicarboxylic acid diimidazolides and diamines), secondly by condensation 
of a heterodifunctional compound (amino carboxylic acid and GDI), or through reaction 
on a polymer (for example, polymeric carboxylic acid imidazolides and amines). 



Polyamides from Monomers 

Examples: 



\ — / 160 °C, 30 mill, 

without solvent 



NHCO 



o 



coNmps^— 



taOCys^YCOIm I ^\ = y" NH2 --NHC»y*^CONH--/^-- 



[125] 



[152] 



_o^o°<>;xr" * -o«o- 



i 



j0^>o<x}^°° o,ffl " 



[153] 



— 'n 



For preparation of dipolar polymers with dielectric properties and nonlinear optical 
applications, a piperidino-substituted a-cyanocinnamic acid was polycondensed with 

CDL [55),[154] 



HN N 



CDI 



00,H 

CN 



DMF,90°C,3h 



■>■ — 



■N N 



Ox4 

CN J, 



4.3 Synthesis of Poly amides and Polyimides 
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Polyimides from Monomers 

The following preparation of a polyimide from a diimidazolide and pyromellitic anhy- 
dride took advantage of the fact that imidazole is an excellent blocking agent for iso- 
cyanates: [155] 

OC4B9 00 L ° ° OCA 



Polyamides and Polyimides by Reaction on Polymers 

For the preparation of poly(methacrylamide), the poly(methacrylic acid) is converted 
with CDI into a polymer imidazolide, which reacts with an amine to give the corre- 
sponding polyamide: [156L[157] 



CH 3 

CHj-C 

COJH 



CDI 



CH 3 

-CHa— C 

COIm 



HN 



N-CH, 

JL U 



h-Pi. 



[156] 



I / — \ 
CO-N N-CHj 



In the context of the synthesis of polymer-bound antiphlogistic drugs, a polymeric 
carboxylic acid was converted into the polyimidazolide, to which pharmaceutical agents 
were attached in the form of their amino esters: [157] 



CH 3 CH 3 

C^-C-CHa-C 

COjH 002CH L 

Eudngit® L 100 



CDI 



pyridine 



>. _., 



CH 3 CH 3 

CH^— C-CBj— C 

OOjH COjCH^ 



CH 3 
CHa— C-CHa-C— 



CH 3 



COJm C02CH L 



HaWGHJtQR ^ 



CH 3 CH 3 

CHa— C-CHa— C 

COaH COjCK^ 



CH, 
CHa-C-CHa-C- 



CH3 



CO 

NH 
(CHa)« 

cot 



coaoy 



O- ■■ 0. 



NH 



UL 



CH, 




CF, 



I 

c=c 





o 

II 
CHa-C- 
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Another way to prepare a poly(acrylamide) illustrates the polymerization of the 
benzotriazolide of acrylic acid and reaction of the resulting polyazolide with an 



amine: 

1. CH^CH-CO-V 71 



tf 



r*F*«-** > -Ech,-^ gft^ > -£<*-«£ 



a 



OO 
N 
N 

N 



■n 
CONHQH5 



[158] 



H,C O O W CHs 



I 

00 

I 

o 







a 



OO 

I 

N 
N 



00 
o 







[159] 



CONHQH, 



Further examples of this type are reported in the references cited. 

In the context of synthesis and exchange reactions of biodegradable drug-binding 
matrices, starch trisuccinic acid was loaded via imidazolides with amines such as n- 
butylamine, morpholine, 4-aminobenzoic acid, or 3,4-dihydroxyphenylalanine to prepare 
the respective amides in high yields; [160] an example is presented below. 



CH 2 OC(CH 2 ) 2 C0 2 H 
-O 




c*o 



(CHa), 

cap 



o 

1 

c=o 

COjH 



l.CDlOTlmH/DCCD 
2. C4H9NH2 ^ 

100m temp., 12 h 



CHsQCCCH^C^NHCA 
-O 




OO 



(CHa>2 
CO 



00 

(CH^CONHCya, 



jmcjb 



[160] 



With respect to macromolecular drug-carrier approaches, the linear polysaccharide 
poly a-l,6-maltotriose (pullulan (p>OH) was combined with l-aminopropan-2-ol via the 
succinate ester in the following way: [1613 



®-OH 



3 



O 4f~\ „ 



„CH, 



° DRpyrtS > ©-0&-CH,CH a -CO,H 
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l.CDI 



2. C^CHCH^ 

/-N » OH x-v n i n 

©-OC-CHCHa-COjH > ©-OC-CHjCI^-OONH-CHj-CH-CHa 

A benzotriazolide was also used instead of the imidazolide. 

Polyamides can also be prepared by the reaction of polyamines with azolides, as 
shown by the following reaction of nucleosil— 300 (7 NH 2 ), a spherical silica derivatized 
with propyl amine, with lecithin imidazolide: [162] 

O 
CTa-O-C-CuH^ 



O O 
CH-0-C-(GH2) 12 -C-Iiii ^ ^^ nucleosil - lecithin 



O 

CHa-O-P-O-CCH^-NCCai^ 



A polyimide film was made by heating a polyamide carboxylic acid at 300 °C 
for 30 min with azolides such as iV-acetylimidazole, N-trifluoroacetylimidazole, or N- 
benzoylimidazoleJ 1633 



4.4 Thioamides 



Thioamides can be synthesized by reacting thioazolides with primary or secondary 
amines in cyclohexane, THF, or CH 2 C1 2 , or without solvent at 20-50 °c. [164M165] 

For example: 



S 

ii 

R^NH Im ~ C ~ C * Hg > R^-CS-QH, 



Thiobenzamides synthesized via the thioazolides iV-thiobenzoylimidazole (A), iV-thio- 
benzoyl-2-methylimidazole (B) and iV-thiobenzoylbenzimidazole (C) are listed in Table 
4-5. 



166 
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Table 4-5. Thiobenzamides from imidazolides. 



N^\. « 



CH 3 
[^N-C-C^ (B) 



Q 



N V N-C-CH5 (Q 



I N-C-QH, (A) R'R'NCSQH, 



R'-R 2 «H 
R'-CHj,R 2 -H 
R l -C e H s ,R 2 -H 
R , -O^C^4,R 2 -H 
R'-R^CjH, 
R l -R»- -(GHj),- 
R'-R 1 - -(CHj^CHay,- 
R'-CB^R 2 -^^ 



Yield (%) 
iromA uQuid iraniv^ 



63 


33 


71 


49 


35 


31 


71 


78 


73 


65 


70 


— 


49 


9 


33 


54 


48 


52 


60 


58 


69 


— 


42 


— 



Thiobenzamides can also be obtained by reaction of Af-thiobenzoyl-l,2,4-triazole (D) 
or JV-thiobenzoylbenzotriazole (E) and amines (in cyclohexane, CHCI3, or acetone as 
solvents, at temperatures between 10 and 50 °C), [1663 as indicated in Table 4-6. 



Table 4-6. Thiobenzamides from triazolides. 



r^N-C-QH, (D) 




-C-CsH, (B) 





Yield (%) 


R'R^CSQH, 


from D ffcomB 


R'-R 2 -H 


32 47 


R , -CH fc R 3 -H 


24 


R'-qfti^-H 


63 53 


R , -o-CH,C 6 H4.R 2 -H 


26 72 


R'-rNC^H, 


88 44 


R'-R 1 - -(CHa),- 


56 58 


R»_Rl- -(CH^OfCH,);,- 


60 39 


R "CH^R H C^i5 


43 



A novel and convenient one-pot synthesis of N-mono-and N,N'-disubstituted thio- 
amides mediated by Af-trifluoromethylsulfonylbenzotriazole is described in reference 
[167]. 



l.CSj 
2, 



Cx> 



SO,CF, 

***** TrVnh *" r'csnrV 



R' 


R 2 R* Yidd(%) 


CA 


H C4H, 63 


CtfjCHj 


H CjH/CH,)! 79 


QH, 


CHjCHjOCH^Hj 64 


Cr«^ 


H a-pyridyl 45 
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For this reaction the following mechanism is proposed: 

S S ft 
R l -C-S-MgBr >• R^C-S-SOaCFa >■ R l CSNR 2 R 3 



CF 3 S02-Ql4 R 2 R 3 NH 



6 



Hydrazono derivatives of a thiocarbonyl-l,2,4-triazole have been converted with 
primary amines into the corresponding thioamides:* 1681 

N § S 

R'NHj + i N-C-CH^N-NR* „„ M .. ,,^ -TT , »._. > R'HN-C-CH-N-NR* 

N<y ^ CjHjOH, heating to b.p., 1-2 min ^ 



R 1 


R 


Yield (%) 


H 


wo-C^Hj 


89 


H 


QHjCHj 


90 


C*CH» 


CH 9 


81 


Cft 


CHs 


48 



Another way of preparing thioamides is by treating aldonitrones with JV^'-thio- 
carbonyldiimidazole (ImCSIm) in refluxing benzene: [169J,[170] 



S^C-NCi — ^ ^-> R-C-NC* a-fuwnyl CH 3 68 

CA CjH^CHg 70 

Similar results are obtained by using A^'-thiocarbonyldi-l^-triazole instead of 
ImCSIm. 

Analogously, reaction of the cyclic aldonitrone 3,4-dihydro-2,2,3-trimethyl-2i/-pyr- 
role-1-oxide with ImCSIm yidds 2,2,3-trimethyl-y-butyrothiolactam in 84% yield: [170] 



H,C N^ N _S_ N /^N H $ C 

H,C N beazcae,roomtaiq).,8h H,C N * 

O0 H 
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For the reaction mechanism of this way a 1,3-dipolar cycloaddition has been pro- 
posed: 

R R 

O.../ Q$/J -H® * "S 

oxk uu lip im, 

With base (e.g., pyridine) the reaction rate is enhanced. No thioamides could be 
obtained starting with ketonitrones. If C-phenyl-N-methylnitrone is treated with thio- 
phosgene instead of a thioazolide, only N-methylbenzamide (73%) is formed, but no 
thioamide. [170] 

In the reaction of benzonitrile oxide (1,3-dipolar addition) with A^^'-thiocarbonyldi- 
1,2,4-triazole the cyclic addition product has been isolated in 87% yield: [170] 

CJL-C=NOH ♦ I N— C— N I >» I N N 1 



4.5 Hydrazides and Thiohydrazides 



Hydrazides of carboxylic acids can be prepared by the imidazolide method in a similar 
manner as amides.^ These syntheses are also conveniently carried out as one-pot 
reactions (room temperature, 12 h): 

RC0 2 H + ImCOIm ^ RCOIm + ImH + C0 2 

RCOIm + R'NHNR^ 3 >• RCONRWR 3 



R 1 R 2 R 3 Yield (%) 



Y-pyridyl H H H 80 

(C2Hs)2CH H C5H5 C^Hc 83 



AyV'-Dibenzoylhydrazine is obtained with an imidazolide/hydrazine ratio of 2 : 1. For 
preparation of the carbonic acid bishydrazide the ratio GDI : hydrazine was 1 : 2: [2] 
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NH NH 
2C6H 5 COIm 2 — *->> C 6 H 5 CONHNHCOC 6 H 5 90% 

CDI 2NH 2 NH 2 — ^ H 2 NNHCONHNH 2 70% 



Diimidazolides of dicarboxylic acids react with hydrazines in a 1 : 1 molar ratio to 
form cyclic hydrazides; e.g., the diimidazolide of 2,2-dimethylmalonic acid and phenyl- 
hydrazine affords l-phenyl-4,4-dimethyl-3,5-dioxopyrazolidine in 67% yield: [2] 

QH3NHNH, +H ^CC COIm ^ »T/ H 

QH 5 



Examples of the synthesis of other hydrazides from carboxylic acids and acyl- or 
alkylhydrazines are provided below: [75],[171] 



cc 



a 

CH 3 0-CX) s ^s^C0-0-C 2 H5 CHjO-CO^A^CO-O-CaHs 



CH 3 ^ N 



X 



X = 0,92% 
X = S, 83% 



CH 3 c 
H 2 N-N-C 



,CH,NHNH, M 

CH 3 CN;55% N0 2 N 



CH 2 C$H« 



*° / H *0 

H0 2 C Im-C / ,^,-N-C 

/> <"> >(> WH 2 NHNH 2 ^QH^H, / J 

N0 2 N N0 2 N THF/DMF;97% N q 2 N 

CH 2 C$H 5 CH^^Hs ^ CH 2 C$H 5 

QH5CH2 O 

.N-C 
HN V-N 

TOT; 51% ^^ ° Y N0 2 ^n^ 

OCH, CHAH 5 
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Thiohydrazides can be prepared from alkyl- and aryl-substituted hydrazines and 
various Af-thiobenzoylazoles, tl65] as the following examples illustrate: [165],[166] 



r'r 2 nnh 2 


V/-V, \*>; t V W» \xs f ui 

CH 3 
[^N-C-C^ 

co 

S^-CeHj 


v ' > C 6 H 5 CNHNR l R 2 


(A): 


R 1 R 2 Yield (%),(azolide used) 


(B): 


CH 3 CH 3 71 (A), 29 (B), 28 (C), 

SO (D), 39 (E) 
CH 3 C 6 H 5 68 (A), 56(B) 
CA C 6 H 5 10 (A), 45(D), 27(E) 


(C): 





(D): ^^Ji-C-Cfis 



>G0 



S=C-QH. 



For testing sedative hypnotic drugs of the triazolam type the preparation was 
undertaken of 8-chloro-6-(o-chlorophenyl)-4//-.y-triazolo[4,3 -a] [ 1 ,4]benzodiazepin- 1 - 
valeric acid methyl ester as an intermediate, with subsequent cyclization and amida- 
tion: [ 



,.[ 12 °] 



CHACCCH^J^R 

NH, » N 

„ 8| T V 2.CDI 
n\A.v CH 3 Q 2 C(CH 2 ) 4 CQ 2 H/CDI ^ ™-^Jk xt 

•CI ^n.CI 
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imidazolide 



CQ 2 CH 3 



HO 



TyrOCH, 



room temp.; 57% 



-/ \-CH 2 -CH-NH-C-(CH 2 ) 4 --s^N N 

r > 



bovine serum 
albumin (BSA) 




BSA-NH-C-(CH 2 ) 4 
6 




The synthesis of hydrazono derivatives of thiohydrazides is described in reference 
[168]. 



s s 

m^\ if RHNNH « 

N-C-CH=NN(CH 3 ) 2 ^ RHNNH -OCH=NN(CH 3 ) 2 



k/ 



R 


Yield (%) 


H 


72 


P-CH3QH4S02 


48 


QHjNHCS 


47 


CfiHsCO 


98 



Hydrazides from Polymer-Supported Azolides 

As mentioned before for other azolide reactions, acylations can be carried out with 
polymer-supported azolides as acylating reagents. For example, acetic acid hydrazide can 
be prepared with a polymer of l-acetyl-4-vinyl-imidazole/divinylbenzene (96:4) and 
hydrazine (no diacylation occurs when this method is used): [122] 



O 



H 2 NNH 2 • H 2 TflTL.u > H 2 N-NH-C-CH : 



1,4-dioxane, 3 h 



70% 



Polymeric hydrazides are obtained in quantitative yield by the reaction of hydrazine 
with polymer-supported benzotriazolides. [172] (R may be H or CH 3 , X preferably 
CONH(CH 2 ) 5 or COQftO: 
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-CH 2 — C- 



c=o 



GO 



DMF 



R 
-CH,— C- 



c=o 

NH 
NH, 



4.6 M onoamides and Monothioamides of Carbonic Acid: 
Carbamates and Related Compounds 



Carbamates can be synthesized from imidazolides or other azolides according to the 
following three routes, which usually give excellent yields. As solvents, THF, CHC1 3 , and 
benzene are generally used. The reaction of imidazole-JV-carboxylates with amines works 
satisfactorily only by heating (A). Whereas the imidazole-Af-carboxamides of secondary 
amines react with alkoxides also if the solution is heated (B), imidazole-JV-carboxamides 
of primary amines react with alcohols even at room temperature (C). [1] Nevertheless the 
reaction mixture is usually heated since in the latter case a dissociation occurs forming 
the corresponding isocyanate, which reacts rapidly with alcohol to give a carbamate. For 
the dissociation of imidazole-JV-carboxamides into imidazole and isocyanates see refer- 
ences [217],[218] and [173],[174]. 



A) RO-C-Im + R ] R 2 NH 



O 
RO-C-NR^ 2 



O 



B) R^N-C-Im + RO 



C) R l NH~ C-Im 



O 
ROH ■' , 
>* RO-C-NHR 1 



R ! NCO + ImH 
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Because of the higher reaction rate, iV(3)-alkylimidazolium-Af(l)-carboxylates or 
thiocarboxylates have often been used for the synthesis of carbamates and thiocarbamates 
by the azolide method instead of imidazole-AT-carboxylates. 



4.6.1 Carbamates by Reaction of Imidazole- or Imidazolium-iV- 
carboxylates. Introduction of Amino Protecting Groups 

a) Carbamates from imidazole-AT-carboxylates 

J^VO-C-AWC^ C 2 H 3 |^OSi(CH 3 ) 2 -,m-C 4 H 9 

CH3O-C- ATflCH 2 CH=CH 2 0-C-NHC 2 H i ^m-C^CCH^SiO^^ < CH 2>4 "O-C" ATflCH 2 CH 2 Cl 

59% [176],[177] 42% [178] quant. [179] 



jOOG 



C-ATH(CH 2 ) 2 N(CH 3 ) 2 /-~\ q O /-^ 

HN jV-C-0(CH 2 CH 2 0) n -C-Ar NH 



NO^ O ^^ *= 181, PEG 8000 83% [181] 

45, PEG 2000 84% [181] 
92% [180] 22, PEG 1000 86% [181] 

U 0v rODMTr 

DMTrOn^O^py" 111 * o # \ 7 

\ ..__ CMXy-C'NH I — I 






OCH 2 CCl 3 



OAc OAc 0v X^° 

OH H 3 C CH 3 

87% [182] 90% [183] 88% [183] 



DMTr = dimethoxytrityl 

q 

CH3O -PEG-O-C- ArH(CH2) 2 NH : 



V9 



quant [184],[185] 
PEG = polyethylene glycol 



N y N v r -AW-C-OCH 3 

L {!j r^-C 4 H 9 (C 6 H 5 ) 2 SiO-^^N^ 8c 

0CH 3 O- NHC-6 ° 
( v P^-0-C-AWCHC0 2 -^rr-C 4 H 9 91% [186] 93% [186b] 



[186a] 



(V)= polystyrene -CH 2 0-^ VcH 2 
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b) Carbamates from imidazolium-iV-carboxylates 

This method is used, for example, for the mild introduction of protecting groups like 
benzyloxycarbonyl (Z), terf-butoxycarbonyl (Boc) and p-nitrophenylethoxycarbonyl 
(npeoc). 



O 
(CH 2 =CHCH 2 ) 2 N-C-0-CH-COC 6 H 5 




CH 3 ^^ OCH3 
90% [187] 



Cz 



HO-, J ° 



w 

OH NHC0 2 (CH 2 ) 2 C 6 H4-p-N0 2 
75% [187a] 



p-CHjSC^OCGlyGly 
85% [188] 



O 

n 



CH3S-ONH 
tert-C^CH^SiO-. o N^N^NH, 
tert-C 4 H,(CH 3 ) 2 SiO 60% [189] 



p-N0 2 QH 4 (CH,) 2 0-C-NH 

"°Y°n N 

HO 94% [189a] 



C 6 H 5 CH 2 0-C-NH 

^Hj^SiOi o N N N^NH 2 



te#f-C 4 H 9 (CH 3 ) 2 SiO 



95% [189] 



The water soluble l-methyl-3-(methylthiophenyloxycarbonyl)imidazolium chloride 
is used for introduction of the methylthiophenyloxycarbonyl protecting group at the 
amino nitrogen of peptides. Higher yields are achieved with this compound than with the 
corresponding chloroformate. 

It should be emphasized that benzyloxycarbonylimidazolium salts are effective 
agents for the direct mono-AT-protection of deoxynucleosides as their benzyloxycarbonyl 
derivatives. No over-acylation occurs. However, bis(terf-butyldimethylsilyl)-deoxy- 
guanosine failed to react with this reagent. [189] 
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In the reaction of an aminoalcohol with a methyl imidazole-AT-carboxylate or tert- 
butyl imidazole-AT-peroxycarboxylate, selective acylation of the amino function can be 
achieved 1 - 190 * to give the carbamate and peroxycarbamate, respectively, the hydroxy 
groups of which can be further acylated: 



/ 



ImCaCH 3 ( r° 2CH3 ImCCVterf-QR, <?°2 CH 3 9 

—^?.~ ? > CH 3 NCH 2 CH 2 OH : ^ CH 3 NCHaCHjOCOrterf-C^ 



THF,0°C 



room temp. 



45% 



CH 3 NHCH 2 CH 2 OH 



v 



THF,0°C 



^4^ 



9<V"<* ImCO,CH^ COyteri-CM 

CH 3 NCH 2 CH 2 OH _ I 3 > CH 3 NCH 2 CH 2 OCCH 5 



room temp. 



20% 



The reaction below illustrates the synthesis of a hydroxyphenylcarbamate: [191] 



OCH3 l.K 2 C0 3 / acetone 

Q_oh -^2! a 

OC0 2 CH 2 CH»CH 2 



OCH, 



LpCOjCH^HsCH^ 



1. Qnh 

2.ZnCl,-O(C,H0, y 



OCH, 



Q.O-C-/3 



75% 



OH 



A cyclic carbamate (see also Chapter 7) is obtained in the reaction of an aminoalcohol 
with CDI: [190] 



CH 3 NH(CH 2 ^OH 



CDI 



-» (CH^ )=0 



■N 
CH 3 



n=2 70% 
n=3 25% 



The Boc-protecting group is easily transferred onto amino compounds (for example, 
amino acids) with the aid of terf-butoxycarbonylimidazolium compounds. 1 192] As solvent 
CH 2 C1 2 , CH 3 CN, or an aqueous 1 N Na 2 C0 3 solution can be employed. The reaction is 
rapid (five minutes) at room temperature, in comparison to that with the terf-butox- 
ycarbonylimidazole, which requires prolonged heating at 110 °C. tl93] 
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O 



te/t-C 4 H 9 0-C-N® k N-C 2 H 5 BF 4 e 



i»f -cjigO-c- n e n-ch 3 oo 4 e 

XsssJ . 



+ amino compound 



CH 2 Cl 2 ,CH 2 CNor 
In N^COj 



>• carbamate 1192] 



Amino compound 


Carbamate 


Yield (%) 


c-QHuNHj 


Boc-NH-c-QH,, 


95 


Gly-OQHs 


Boc-Gly-OQHj 


75 


Gly 


Boc-Gly 


80 


l-Pto 


Boc -L-Pro 


95 


Z-Lys 


Boc -Z-Lys 


75 


L-Phe 


Boc -L-Phe 


74 


L-Ala 


Boc -L-Ala 


95 



Boc = tert - butyloxycarbonyl 



A variant of this method for the introduction of amino protecting groups into amino 
acids via the alkoxycarbonylimidazolium salts starts from the more reactive carbonyl- 
bis(methylimidazolium) salts: [105] 



CH 3 -N e N-C-N m N-CH, 



2 CI 



2°**» CH 3 -n£n-C-OR 



CI 



e 



r'nh. 



aqueous NaOH, 



-^ R'-NH-C-OR 



room temp. 







Yield (%) of alkoxycarbonyl- 


R 


Amino acid, R 1 NH 2 


amino acids 


QH, 


glycine ethyl ester • HC1 


50 


«-C 3 H 7 


glycine 


65 


C0H3CH2 


L-lysine (e-NH 2 ) 


60 


C 6 H 5 CH 2 


L-histidine (W ; -imidazole) 


quant. 


C6H5CH2 


L-serine (x-NH 2 ) 


quant. 



Some examples for the introduction of amino protecting groups such as 2-(4-nitro- 
phenyl)ethoxycarbonyl (npeoc) or benzyloxycarbonyl (Z) were already given in the 
compilation of carbamates produced with imidazolium carboxylates in Section 4.6.1. 
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Analogously to these reactions of imidazolium carboxylates, the introduction of 
urethane-type amino-protecting groups can be accomplished with the following 
mesoionic azolides: [194] 



\ 



o 



NH 



1. COCl 2 



2. pyridine 
3.ROH 




R'NH, 



ROCONHR' 
protected amino compound 



tert-CJOq 

C5H5CH2 

p-CH30C < jH 4 CH2 

p-NOjC^CHz 

(QH^CH 

Cl 3 CCH 2 



Yield (%) 



87 
90 
82 
92 
95 
88 



Yield (%) 



Boc-L-Trp-OH 90 

Boc-l-GIu-OH 82 

p-CH 3 <X: 6 H 4 CH 2 OCO-(D)-Phg-OH 82 

Z-Gly-OH 86 

Cl 3 CCH 2 OCO-(D)-Phg-OH 93 

(C 6 H 5 ) 2 CH<X:ONHCH 2 CH 2 OH 96 

p-NQ 2 C 6 H 4 CH 2 OCONHCH 2 CH 2 SH 8 1 



Phg = phenylglycine 



The mesoionic azolides are reported to be relatively stable toward hydrolytic 
decomposition, but more reactive against amines than the corresponding imidazo- 
lides. [194] ^-Protection of the amino compounds (for example by the Boc group) takes 
place smoothly at room temperature in about one to five hours and with high yield. The 
amino acids are introduced as sodium salts in aqueous acetone. 

The benzyloxycarbonyl protecting group for amines is introduced in high yield 
using benzyl imidazole-carboxylate with a catalytic amount (5%) of dimethylamino- 
pyridine. [195] 



C^O^NR, 



room temp., 8 h, quant. 



O 



-^ C^CHpCNHCHjC^ 



O 



C s H,CH,OC ta ( ^'W t 

room temp., 16 h, quant. 



O O 

-> C 6 H 5 CH 2 OCNH(CH 2 ) 6 NHCOCH 2 C 6 H 5 



O O 

> H2N(CH2) ^ H ^ H2 > C^CHPCNHCCH^NHCCH^NHCOCHAH, 
room temp., 16 n, 76% 



The alkoxycarbonyl protecting groups can also be introduced into amines by 
triazolides (Table 4—7). With iV-terf-butoxycarbonyl-l,2,4-triazole the terf-butoxy- 
carbonyl protecting group (Boc) is transferred readily onto amino functions of primary 
amines, trimethylbenzyl ammonium salts of amino acids, or peptides. [196] Alternatively, 
the Boc group can be transferred with terf-butylphenylcarbonate in the presence of 1,2,4- 
triazole. In this latter approach the triazolide is presumably formed as an inter- 
mediate.^ 
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Table 4-7. Carbamates synthesized from triazolides. 



Azolide 




R 


Amine 


Carbamate 


Yield (%) 


Ref. 


N*^\ 




tert -C 4 H, 


cCfl u NH 2 


ROCONH-c-C 6 H u 


88 


[196] 


V 


COjR 


tert-QH, 


Gly-OC 2 H 5 


ROCONHCH 2 C0 2 C 2 H 5 


82 


[196] 




tert -C 4 H, 


Phe 


ROCONHCHC0 2 H 


84 


[196] 










CH 2 CgH5 






r^V 


-^ 


CjH 5 


C 18 H 37 NH 2 


ROCONHC, 8 H 37 


85 


[197] 


CJ 


)* 


C5H5CH2 


C 3 H 7 NH 2 


ROCONHC 3 H 7 


90 


[197] 


%^ 


Y 


C6H 5 CH 2 


Na02SCH 2 NH 2 


ROCONHCH 2 S0 2 Na 


50 


[197a] 




C0 2 R 


QH 5 


c-C 6 H u NH 2 


ROCONH-c-C 6 H„ 


95 


[197] 






C 2 H 5 


H 2 N(CH 2 )2NH 2 


ROCONH(CH 2 )2NHC0 2 C 2 H5 


76 


[197] 






p-N0 2 C 6 H 4 (CH 2 ) 2 


Cytidine 


N 4 - npeoc-cy tidine 


90 


[197b] 






Br CH 3 
V— / 3 














H 3 C-< \-CH 2 


, c-C 6 H„NH 2 


ROCONH-c-C 6 H n 


83 


[198] 


^ N v 


-\ 


rert-C 4 H9 


CJR£XySH 2 


ROCONHCH 2 C 6 H 5 


80 


[97] 


Cl 


^ 


C$H 5 CH 2 


Ser 


ROCONHCHC0 2 CH 3 


92 


[97] 


"SSV^- 


1 
C0 2 R 






CH 2 OH 






i^S- 


•**i 


te/f^H, 


C 6 H5CH 2 NH 2 


ROCONHCH 2 C 6 H 5 


82 


[97] 





T 


C5H 5 CH 2 


C 6 H 5 CH 2 NH 2 


ROCONHCH 2 C 6 H 5 


quant. 


[97] 


CO,R 













Analogously, bisbenzotriazole-Af-carboxylates react with amines to give biscarba- 
mates. [197] ' [198] For example: 



Cf> A <& 

CO,CH, CHPCO 



RNH 



2—^ 



RHNOCOCH 



A 



CH.OCONHR 



Yield (%) 



CH 3 96 

wo-C 3 H 7 76 
89 



C 18 H 37 



With tetrazole-Af-thiocarboxylate the amino group of an OH-protected deoxy- 
adenosine is converted into a thiocarbamate: [189] 
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NH 2 

• /l-COSCH 3 + RO-i^O^I 
RO 



NHCOSCH 3 

k N A N 
-» RO-t^O.,1 50% 

) / R = terf -C^CH^Si 

RO 



Conversion of Natural Compounds into Carbamates 

The hydroxy groups in natural products like, for example, the macrolide antibiotics 
erythromycin, 11 " 3 and desmycosin, C200],[201] as well as the 3-(hydroxymethyl)-2- or 3- 
cephems t202] and derivatives of the amino sugar garamin* 2031 have been converted into 
the carbamate function with CDI and amines. In the case of aminoglycoside antibiotics of 
the sisomicin series, thiocarbamates or dithiocarbamates have been prepared from 
alcohols or thiols using ImCSIm and amines. 12041 

The synthesis of a monocarbamate (monothiocarbamate) from trihydroxy-abdenone, 
CDI, and piperidine is described in conjunction with tests of drugs for treatment of 
glaucoma: [205] 




CH. 



H 3 C CH 3 OH 

R = fer/-C 4 H,(CH3) 2 Si- 



CDI, piperidine 
40% 




H 3 C CH3OH 



The synthesis was carried out as a one-pot reaction in ethyl acetate. The result is 
actually surprising, since there are three hydroxy groups in the educt, any of which might 
in principle react with the imidazolide. Probably the 6/?-OH- and the 9a-OH groups are 
more sterically hindered than the 7/f-OH group. With ImCSIm in the presence of 
methylamine the corresponding thiocarbamate was obtained in 15% yield. 



Carbamates of High Molecular Weight Alcohols 

The activation of the 5'-hydroxy group of synthetic deoxyoligonucleotides on a con- 
trolled porous glass support was achieved with CDI to give a 5'-imidazolide, which was 
subsequently converted with hexamethylenediamine to yield as the carbamate a 5'- 
aminoalkylated supported deoxynucleotide. 12061 

Imidazole carboxylates of polyethylene glycols prepared with CDI react with amines 
to give polyethylene glycols (PEG) with carbamate end groups. 12073 For example, PEG- 
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piperazinecarbamates from PEG 8000, PEG 2000, and PEG 1000 have been prepared in 
this way: [181] 

O O 

ta-C-0^^ £ _ ta piperazine > ^5^- £ "°^C^C-N. 

The following reaction of imidazole carboxylate of PEG was chosen for the purpose 
of introducing amino functions onto methoxypoly(ethylene glycol) chains (CH 3 0- 

PEG): [184] 

CH3O-PEG *?* 4 >- CH 3 0-PEG-0-C-Im 



toluene, 24 h, room temp. 



Ha woav^i^ ^ GH 3 0-PEO-0-C-NH(C3y 2 NH 2 



water, 30 min, room temp* 

quant 

In a similar fashion, polyethylene glycol can be activated with CDI for connection to 
a protein, as has been shown for superoxide dismutase, a 2 -macroglobulin, a 2 -macro- 
globulin-trypsin, lactoferrin, and tissue plasminogen activator: [208] ' [209] 

O O 

11 NH^-protein " 

CH 3 (OCH 2 CH 2 ) n -OCIm « ^ CH 3 (OCH 2 CH 2 ) n -OCNH- protein 

The formation of resin-bound tert.-alkyl carbamates for anchoring of amines was 
recently described: [209a] 

l./-C 4 H,QK 

CH 3 2.®-CH 2 OH CH 3 ^ T/T , WAB CH 3 O ^ M 

1 3 v ^ * s*\ ' CDI/DMAP /-n • " ^N 

HO(CH 2 ).-C-OH ^-(P>CH 2 0(CH 2 ),-C-OH ^(pJ-CHjOCCHj^-C-O-C-N 7 

CH 3 CH 3 CHj N ^ 



l.CF 3 C0 2 CH 3 CH 3 O © , CH 3 O 

M<W? N , @. C H 2 0(CH 2 ),~C-0-C-N3 f '" CH3 RlR>NH ' ©-CH.OCCHJ-C-O-C-NR'R 2 

CH 3 "^ CH 3 

n-2-4, ®~CH 2 OH=Merrifield resin R'^NH-p-Cl-C^CHjNHj 
DM AP = 4-dimethylaminopyridine c-C 6 H, ,NHC 2 H, 

Trp-OCH 3 
and others 
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Cellulose can be activated by CDI and coupled with the amino groups of peptides or 
immunoglobulins in aqueous alkaline solution to give immobilized peptides or antibodies 
such as the immunoglobulin IgG [210] (see also Section 6.2): 



Cellulose 



CDI 



acetone 



->• Cellulose -OC Im 



NH 2 -IgG 



-> Cellulose -OCNH-IgG 



This method was used, for example, for the solid-phase immunoassay of thyroxine 
(affinity chromatography). Various activation methods (CDI, periodate, and cyanogen 
bromide procedures) were compared with each other for coupling antibodies to magne- 
tizable cellulose/iron oxide solid-phase particles.* 21 1] 

Other hydroxylic solid-phase supports such as cross-linked agarose are similarly 
activated with CDI or AT,N'-carbonyldi-l,2,4-triazole. The activated matrices can then be 
smoothly coupled with AT-nucleophiles such as glycine, 6-aminohexanoic acid, diamines, 
or proteins. [212] 

The antibody of human epidermal growth factor (EGF) was coupled to diol silica 
(prepared from silica and 3-glycidoxypropyltrimethoxysilane via an epoxy silica) by 
means of CDI. This supported antibody was utilized for immunoaffinity HPLC analysis 
of human epidermal growth factor. [213] 



4.6.2 Carbamates by Reaction with Carbamoylazoles 
(Azole-JV-Carboxamides) of Secondary Amines 

In the course of an investigation of cytostatically active derivatives of l-ethylenimino-2- 
hydroxybuten-(3), also called Tetramine, the following carbamate was prepared: [214] 



ch 2 -ch-ch-ch 2 -nC] 



(C 2 H 3 ) 2 NCOIm 



Na 



9 



THF, reflux, 30 min 



->* ch 2 =ch-ch-ch 2 -n3 

OCON(C 2 H 5 ) 2 



60% 



The corresponding A^-diphenylcarbamate was prepared in 64% yield. 
In an analogous reaction the following carbamate was synthesized: [214a] 



HOCHj 



CH,0 




Y~\ 



V 

H3C CH3 



CH30 



CH30 
CH30 

NaNH 2> THF, reflux, 2.5 h CH 3 0. 
CH3O 




O 

n-c-cx:h 2 



N-Boc H 3 C CH 3 



39% 
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Carbamates can also be obtained from the carbamoyltriazole of a secondary amine by 
reaction with an alkoxide, as the following example shows: [215] 

VT ^. i o COOBn ^. 






BnsC^CHj 



100% 




Analogous to this reaction, thiocarbamates have been prepared using ImCSIm, which 
is generated in situ from two equivalents of imidazole, CS 2 , sodium hydride, and one 
equivalent of a thiazolium salt* 2163 : 



-R 1 
S NH S S 

D-^O — ^-* D-*-4 c * HiCH?oh > w^«5 

R 1 « CftHsCHj, R 2 = CH 3 , 64%; R 1 « C^GH* R 2 = CH 3 , 73%; 

R 1 = QH 3 , R 2 = CH 3 , 47% R 1 * QH,, R 2 « CH 3 , 90% 



4.6.3 Carbamates by Reaction with Carbamoylazoles 
(Azole-JV-Carboxamides) of Primary Amines 

The great reactivity of carbamoylimidazole and carbamoylbenzimidazole is explained by 
the easy dissociation of these compounds into the corresponding azole and isocyanate. 

C 6 H 5 NHCO r c-C 6 H n <^^ H C*H 5 NHCOIm ffi°" h > CjftNHCXJAHs 

68% [217] 86% [218] 

Carbamoylazoles of pyrazole and triazoles dissociate only at 130 °C and 145 °C, 
respectively. An activating influence of imidazole (significant shortening of reaction time 
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and slight enhancement of yield) was observed on the reaction of carbamoylbenzo- 
triazoles with a diol. [219] 






h HOH 2 C "n CH 2 OH O 

RHN " C " X -XH > RNCO ** RHN-C-OH 2 C^N^CH 2 0-C-NHR 



Reaction Reaction 
tcmp./°C time/h Yield (%) 



1-imidazolyl 


CH 3 


95 


2.0 


96 


1-imidazolyl 


CH 3 


95 


0.5 


95 


1-benzimidazolyl 


CH 3 


130 


0.5 


84 


1-pyrazolyl 


CH 3 


145 


14.0 


72 


1-triazolyl 


CH 3 


145 


10.0 


64 


1-benzotriazolyl 


CH 3 


145 


14.0 


55 


1-benzotriazolyl 


fco-C 3 H 7 


145 


24.0 


36 


1-benzotriazolyl 


c-QH„ 


145 


14.0 


73 



The following carbamoylimidazole, which was prepared from 14 C-labeled methyl- 
ammonium chloride and CDI, was not isolated. It was instead fragmented by heating in 
vacuo into the isocyanate, which was then reacted with an alcohol to give the labeled 
carbamate: [220] 



JCl 



£ HOCH 2 -f \-Cl o ' C1 





RHN-C-Im -7 T „ > RNCO == > RHN-COCHj-^ >-Cl 

heat, - ImH z 

R = !4 CH,, 80% 



A biscarbamate was obtained from /?-anisidine, CDI, and hydroquinone in a one-pot 
reaction: [221] 



O y—^ HCW' 7-OH 



NH.-f >-och, ^m > i n-c-nhK' Voch, *■* >* 



ch 3 o-/ Vnh-c-o-/ Y-o-c-nh-/ Voch : 
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4.6.4 Special Cases of Carbamate Syntheses with Azolides 

As compared to the carbamate synthesis above, an abnormal reaction course was 
observed in the reaction of w-tolyloxythiocarbonylimidazole with benzylmethylamine; 
here the phenolate is exchanged instead of the imidazole, obviously because the sub- 
stituent with the lower pK is eliminated: 12163 



CH 3 

N-C-N | _ >• | N-C-(rV^< 






24% 



OL 



CfifiHjmCH 3 



~ -^"2 6 5 



I N-C-N 

In the reaction of 1-alkoxycarbonylimidazoles with 2-aminobenzimidazole at low 
temperature and short reaction time an acylation at the ring nitrogen was encountered. At 
higher temperature (refluxing mesitylene) and longer reaction time, however, the 2-amino 
group is acylated: [222] 

l m -£-OC 2 H 5+ QC\ m IST^ C^t™ 2 ^itylene, > QCV™^"' 

H rcf,UX * C0 2 C 2 H 5 reflUX * H 

15min 2 75min 

80% 

Similar findings applied to other azolides as, for example, benzotriazole systems: 12223 



CO + O^N VNH2 mesitylene, reflux, 15 min^ 0^ VNH(W 
C0 2 CH 3 H H 

R = H, 96%; CH 3 , 85%; C 6 H 5 CH 2 , 90% 

l-Methoxycarbonyl-3,5-dimethylpyrazole and l-methoxycarbonyl-5-p-tolyloxytetra- 
zole are also used as acylating reagents in this reaction. t222] 

A special carbamate still containing an azole moiety is formed if an aldehyde is 
inserted into a carbonylbisazole and subsequently treated with an amine: t223] 
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&\ ii /X^ R^HO (*\ z*^ R 2 R 3 NH 

I N-C-N 1 > I N-CH-O-C-N I > 

I N-CH-O-C-N 






i . h s 

R 1 O R 3 



X = CH, R 1 = C 3 H 7 (CH 3 ) 2 C, R 2 -R 3 = CH 2 CH(CH 3 )OCH(CH3)CH 2 69% 
X = N, R 1 = C 3 H 7 (CH 3 ) 2 C, R 2 = H, R 3 = P-QC^ 67% 



Another way to obtain a carbamate via an isocyanate intermediate is the conversion of 
an imidazolide RCOIm into the azide RCON 3 , followed by the Curtius-Schmidt rear- 
rangement and treatment with an alcohol: t224 * 



C0 2 (CH 2 ) 2 Si(CH 3 ) 3 

C j ^COImCH(OCH3) 2 „e ^ ^qaN.ffOCH* (C H^Si(CH 2 ),OH r^NH CH(OCH 3 ) 2 
C-" N vJ 87% ^J^c-' N toluene, reflux "V^c-**^ 

O O 6 

50% overall yield 



4.6.5 Peroxycarbamates 

The syntheses of terf-butylperoxycarbamates begins with terf-butylperoxide and CDI, 
forming in 92% yield the surprisingly stable (at room temperature) terf-butylperoxy- 
carbonylimidazole, which is then converted with an amine. This synthesis might also be 
carried out as a one-pot procedure: [176] ' [225J 



O i 2 O 

CDI » RRNH » 

te/f-C 4 H 9 OOH > tert -C^OO-C-Im >J^-C 4 H 9 00-C-NHR 1 R : 



R 1 R 2 Yield (%) Ref. 

H CH 2 =CHCH 2 62 [176] 

H C 2 H 5 60 {225] 

C 2 H 5 C 2 H 5 55 [225] 



In the reaction of an aminoalcohol with terf-butylperoxycarbonylimidazole, selective 
acylations on N and O can be achieved: [190] 
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O 
^/t-QHjOO-C-Im + CH 3 NHCH 2 CH 2 OH > CH 3 — N-CH 2 CH 2 OH 

O^C-OO-tert'CtH? 

O 
Im-C-OCH 3 



O 
CH 3 -N-CH 2 CH 2 -0-C-OCH 3 
0=000- /erf -C^ 

20% 



4.7 Monohydrazides and Thiohydrazides of Carbonic Acid 



Alkoxycarbonylimidazoles or alkoxythiocarbonylimidazoles, easily prepared from alco- 
hols and CDI or ImCSIm, are treated with hydrazines to give alkoxycarbonic acid 
hydrazides and thiohydrazides, respectively:* 226 *'* 2271 

X 

^ ^ N<A * HT^-N-R 3 S * * , 

ROH > I N-C-OR -» RO-C-N-N-R 3 

A few hydrazides and thiohydrazides prepared with the aid of alkoxycarbonyl- 
imidazoles or thiocarbonylimidazoles are shown below: [226 ^' t227] 

-* O O 

lss ^N-C-0-C(CH 3 ) 3 — ^ *-»• (CH 3 ) 3 C-0-C-NHNH 2 

fVl-O-R H ^- N(CH ^> R-0-1Lh-N<CH 3 ) 2 

^^/ 82% 

R = 5acholestan-3(}-yl 



^n-I-oca ^ N(CH ^> c 2 h 5 o-Inh-n ( ch 3 ) 2 



N "*\, J!. ^ „ „ H,N-N(CH 3 ),^ « 

j^N-C-0-n-C.gHj, — ^ 2^^ „-C 18 H 37 0-ONH-N(CH 3 ) 2 
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5 Synthesis of Peptides 



5.1 Syntheses of Peptides via Car6#Jtp/-Activation of 
Amino Acids 



Short Historical Introduction 

The first peptide synthesis according to the "imidazolide method" was observed in 1928 
when JV-benzoyl-L-histidine methyl ester, substituted at the imidazole nitrogen, was 
converted at room temperature with glycine to Af-benzoylglycylglycine.^ Later, in 
analogy to the first experiments, it was demonstrated by the example of the synthesis of 
Z-glycylalanine methyl ester that under very mild conditions an aminoacyl residue on the 
imidazole ring of histidine can indeed be transferred to the amino group of an amino acid, 
thus forming a peptide. t2] However, due to the difficult synthesis and the poor yields of 
the reactions, no preparative value was attributed to this synthesis of peptides. The wide 
scope of the use of azolides for peptide syntheses was, however, initiated by the dis- 
covery of CDI and its analogues in 1956 and of the acyl transfer to amides and esters by 
azolides in the same year. t3] ' t4] 



CDI as Coupling Agent 

The broad use of ATjAT'-carbonyldiimidazole (CDI) for the synthesis of amide and peptide 
linkages became a routine method only in the early sixties. t5] TV-Protected amino acids 
were treated at room temperature with an equimolar amount of CDI to give imidazolides. 
Anhydrous tetrahydrofuran, dimethoxyethane, dichloromethane, pyridine, dimethylfor- 
mamide, and diethyl phosphite were utilized as solvents. In the second step the esters of 
amino acids, their hydrochlorides, or sodium salts were added to yield the peptide after 
several minutes or hours of reaction time. 



Example: 



CDI 

first step: Z-GlyOH — — „„ . > Z-Gly-Im 

THF, room temp., 30 min J 

80% 
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Tyr-OCHc 
second step: Z-Gly-Im — l ">• Z-Gly-Tyr-OC 2 H 5 

83% 

Although the yields are lower, it is possible to use even aqueous solutions of salts of 
amino acids in the second step. The first step, however, must be carried out under 
anhydrous conditions. Usually the reaction is carried out as a one-pot procedure. 

Example: 

CDI 
Z-Gly-OH + Tyr-OC 2 H 5 >* Z-Gly-Tyr-OC 2 H 5 

95% 

An excess of CDI must be avoided because this would react with the amine com- 
ponent to give a urea derivative.* 53 Further examples are compiled in Table 5-1. 

Table 5-1. Di-and tripeptides prepared with CDI. 





Yield (%) 


Ref. 


Boc-Phe-Gly-OC 2 H 5 


78 


[5] 


Z-Gly-Leu 


68 


[5] !) 


Z-Gly-Phe 


40 


[5] 2) 


Z-Ala-Gly-OC 2 H 5 


65 


[5] 


Z-Gly-Phe-OC 2 H 5 (DL) 


82 


[5] 3) 


Z-Phe-Tyr-OC 2 H 5 


57 


[5] 


CF 3 COGly-Pro-0-terf-C 4 H 9 


51 


[5] 


Z-Glu-His-OCH 3 


88 


[6] 


Boc-Ser(OCH 2 C 6 H5)-Ser(OCH 2 C6H5)-OC 2 H5 


84 


[7] 


Boc-DL-Val-DL-Val-OCH 3 


40-45 


[8] 


Boc-Met-Glu-His-OCH 3 


53 


[9] 



!) via Leu-0C 2 H 5 HC1 and saponification 

2) via Phe-ONa 

3) via Phe-OC 2 H 5 HBr 

Racemization studies in the synthesis of the tripeptide Z-Gly-Phe-Gly from Z-Gly- 
Phe and Gly-OC 2 H 5 revealed that in THF at room temperature such racemization 
occurred to the extent of about 5%, in DMF at -10 °C, however, less than 0.5%. [5] ' [10] 

In the synthesis of Boc-Val-Tyr-OC 2 H 5 (50%) from Boc-Val and Tyr-OC 2 H 5 with 
CDI, a small amount of O-acylation of tyrosine (4%) also occurred in the dipeptide. [11] 

TVyV'-Carbonyldibenzimidazole was found inferior to CDI in the synthesis of peptides 
because of poorer yields and more rigorous reaction conditions needed. [5] 

The synthesis of the octapeptide isoleucine-5-angiotensin Z-Asp(NH 2 )-Arg(N0 2 )- 
Val-Tyr-Ile-His-Pro-Phe-OCH 3 using CDI as condensing agent was achieved by pre- 
paring the four required dipeptides (1—2), (3-4), (5-6), (7-8), two tetrapeptides (1-4) and 
(5-8), and finally the octapeptide itself. [12] 
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The CDI method was also used in a block condensation to give a hexapeptide from a 
tetrapeptide and a dipeptide, tl3] as well as an undecapeptide from a pentapeptide and a 
hexapeptide. tl3] Further syntheses of peptides with the CDI method are described in 
references [14]-{16]. 

The reactivity of an amino acid imidazolide is examined in reference [17]. Thus, 
the reactivity of Z-glycine imidazolide (£=2.6 ±0.2 x 10~ 2 [lmol" 1 ^" 1 ]) toward 
JV-methylbenzylamine is between that of Z-glycine 2,4,5-trichlorophenyl ester 
(£=5.2 ±0.2 x 10" 2 ) and Z-glycine 4-nitrophenyl ester (£= 0.98 ± 0.09 x 10~ 2 ). 
Based on this range of reactivity, the glycine-imidazolide was prepared from Z-glycine- 
trichlorophenyl ester and N-trimethylsilylimidazole in 79% yield. With respect to 
the conversion of various activated glycine compounds with JV-methylbenzylamine 
(in ethyl acetate, 25 °C, 12 h), the yield of the amide with Z-glycine imidazolide 
was highest. 



Syntheses of Peptides from Silylated Amino Acids and CDI 

Application of amino acid silyl esters or iV-silyl amino acid silyl esters as amino com- 
ponents is very convenient in peptide synthesis with CDI, because the resulting peptide 
silyl esters are easily hydrolyzed to dipeptides during the usual work up. They need not 
be saponified in a separate step, as would be the qase with the corresponding alkyl esters. 
Furthermore, no racemization occurs with this method. tl8] ' tl9] 

Example 1: 

Z-Gly-Im + Gly-Gly-p-Ala-OSi(CH 3 ) 3 > Z-Gly-Gly-Gly-p-Ala 

82% [18] 

Analogously prepared was phthalyl-Gly-/J-Ala in 85% yield. 

Example 2: 

CDI 
Z-DL-Val ^^ en Q ^ , > Z-DL-Val-Im 
THF, 50 °C, 1 h 

not isolated 

(CH 3 ) 3 SiNHCH 2 CONH(CH 2 ) 2 C0 2 Si(CH 3 ) 3 f^^~^ h > Z-DL-Val-Gly-p-AIa 

2. H 2 0, room temp. 87% overall yield [19] 

Additional di-, tri-, and tetrapeptides have been prepared^ 201 according to this method, 
as indicated in Table 5-2. 

Ayy'-Sulfinyldiimidazole has also been recommended as a condensing agent for 
peptide syntheses. t22] In a one-pot reaction the JV-protected amino acid, sulfinyldiimi- 
dazole, amino acid ester hydrochloride, and triethylamine combine to form the peptide in 
good yield. Thus, the peptide Z-AsptCX^QHsVPhe-OCHa was obtained in 89% 
yield. [23] 
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Table 5-2. Polypeptides from silylated amino acids and CDI. 



Dipeptides 


Yield (%) 


Ref. 


Z-Gly-DL-Ala 


85 


[20] 


Z-Gly-DL-Val 


70 


[20] 


Z-Gly-DL-Ser 


80 


[20] 


Z-Gly-L-Cys 


40 


[20] 


phthalyl-Gly-p-Ala 


83 


[18] 



Tri-and tetrapeptides Yield (%) Ref. 

Z-Gly-DL-Ala-DL-Val 
Z -Gly -DL- Val- dl - Ala 
Z-Gly-DL-Val-DL-Val 
Z -Gly -DL- Leu • dl - Ala 
Z-Gly-Gly-Gly-p-Ala 



60 


[20] 


80 


[20] 


65 


[20] 


90 


[20] 


80 


[21] 



Syntheses of Peptides with 7V,7V -Carbonylbis(3-methylimidazolium) Triflate 

AfjAf'-Carbonylbis^-methylimidazolium) triflate was introduced into peptide synthesis 
because of its greater reactivity in comparison to CDI. [24] Recently, A^ / -carbonylbis(3^ 
methylimidazolium) triflate has been applied in combination with anhydrous Q1G2 and 
Cu(OS0 2 CF3) 2 . [25] Activation of the carboxy terminus of a peptide with this reagent 
followed by reaction with an unhindered amino acid ester in the presence of CuCl 2 or 
Cu(CF 3 S03)2 gave peptide segment coupling with sometimes less than 0.1% racemiza- 
tion, [25] as shown in Table 5-3. 



TABLE 5-3. Peptides prepared with A^-carrw>nylbis(3-memylimidazolium) triflate. 
Peptides prepared with Peptides prepared with 

© O © © O © 

' N-C-N^J 3 3 L^/ 1 ' " 1 ^ •CuCI 2 .Cu(CF 3 S0 3 ) 2 [25] 

2 CF 3 SO 3 [24]* 2 CF 3 S0 3 G 



Yield (%) 


Z-Gly-Uu-OCH 3 


90 


Z-Phe-Leu-OCH 3 


94 


Z-Phe-Val-OCH 3 


90 


Z-Ala-Val-OCH 3 


80 


Z-Ala-Ser-OCH 3 


92 







Racemization 




Yield (%) 


at Phe in % 


Z- Ala - Phe-Gly -OCHAHj 


81 


<0.1 


Z-Ala-D-Phe-Ala-OCH 3 


79 


<0.1 


Z- Ala -D- Phe - Phe -OCH 2 C 6 H 5 


84 


<0.1 


Z-Ala-Phe-Val-OCH 3 


73 


0.2 - 0.3 


Z-Ala-Phe-Phe-Phe-OCH, 


76 


0.2 - 0.5 



* More examples are described in the references cited 



Syntheses of Peptides with Other Imidazolides and Triazolides 

Besides CDI, other azolides such as JV^AT-oxalyldiimidazole, AyV'-carbonyldi- 1,2,4- 
triazole, NjAT'-oxalyldi-l^-triazole, and phosphorous and phosphoric imidazolides have 
been used in the synthesis of peptide bonds, as displayed in Table 5-4. 
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TABLE 5-4. Peptides prepared with other imidazolides and triazolides. 



Azolides as coupling agents 


Peptides 


Yield (%) 


Ref. 


W N-C-C-\^ 


Z-Ala-Gly-OC 2 H 5 * 
Z-Ala-Phe-OCH 3 * 
Z-Phe-Gly-OC^* 


84, resp. 84 
79 83 
92 97 


[26] 
[26] 
126] 


resp. 


Z-Phe-Leu-OCH 3 * 


71 90 


[26] 


M<\ MM /^N 

U, /*-c-c-n j 


Boc-Phe-Val-OCH 3 * 


85 95 


[26] 


1 N-C-N 1 
N<a/ \*s.N 


Z-Gly-Tyr-OC 2 H 5 * 
Z-Gly-Ser-OCH 3 * 


70 
69 


[27] 
[27] 


Z-Gly-Phe-OCH 3 * 


97 


[27] 




Z-Phe-Gly-OC 2 H 5 * 


71 


[27] 


W v OC 2 H 5 


Boc -dl - Val -dl - Val - OCH 3 


45-50 


[8] 


Z"-Ala-Ala-OC 2 H 5 


76 


[28] 


o-0 


Z-Ala-Ala-OC 2 H 5 


79 


[28] 


D--CO 


Z-Ala-Ala-OC 2 H 5 


73 


[28] 




Z- Ala- Ala 


85 


[29] 









Racemization was not detectable 1263 '* 271 



Syntheses of Peptides by Means of Pyrazolides 



Peptides can be formed by aminolysis of Af-aminoacyl-3,5-dimethylpyrazole with free 
amino acid esters [30] as shown in Table 5-5. 



TABLE 5-5. Peptides prepared from pyrazolides. 



Pyrazolide 


Amino acid ester 


Peptide 


Yield (%) 


H 3 C 

^\ 

N CH 3 

1 


Gly 


•OC 2 H 5 


Z-Gly-Gly-OC 2 H 5 


75 






Z-DL-Ala-Gly-OC 2 H 5 


78 






Z-Leu-Gly-(X^H 5 


73 


c=o 






Z-Tyr-Gly-OC 2 H 5 


88 


Z-HN-CH-R 






Z-DL-Trp-Gly-OQHs 


81 
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/J-Aminoacid peptides (c.f. Z-/J-Ala-/J-Ala-OC 2 H 5 , 75% yield) have also been prepared 
by this pyrazolide method. t31] A glutathione synthesis was accomplished by the pyr- 
azolide method in the following way: t32] 

CH 3 

H 3 C^ ir N G^OC^.HCl^ ^nh.cH-CONHCH.COA^ 

Z-NH-CH-C*0 ( 2 s)3 CH 2 SCH 2 C 6 H 5 

CH^C^QHs cam 

CH 3 

E-\ H 2 N-CH-CONHCH 2 C0 2 C 2 H 5 

„ r 4 w QYi SCH GJi CH 2 SCH 2 C 6 H 5 

•^ N 2 «= ^ Z'NH-CH-CONH-CH-CONHCH 2 C0 2 C 2 H 5 

Z-NH-CH-C*0 CH 2 CH 2 C0 2 C 2 H5 



CH 2 CH 2 C0 2 C 2 H 5 



67% 



CH 2 SCH 2 C 6 H 5 

Z-NH-CH-CONH-CH-CONHCH 2 C0 2 C 2 H 5 >> N-Z-S-benzyl-glutathione 

CH 2 CH 2 C0 2 C 2 H 5 

O-Ethylphosphoric acid dipyrazolide was used to synthesize Z-Phe-Gly-OC 2 H 5 in 85% 
yield.™ 



Solid-Phase Synthesis of Peptides with Triazolides and Imidazolides 

The amino acid attached to a polymer is treated with an ^-protected, carboxyl-activated 
amino acid to give the supported peptide. In the following reaction the triazolide was 
formed in situ from the />-nitrophenyl ester and l,2,4-triazole: t34] 

Boc-Leu-^J^ + Gly-(V) > Boc-Leu-Gly-^JM 



© 



P ) = polymer from chloromethylated polystyrene / 1,4-divinylbenzene 

For the coupling of a supported peptide fragment with an N-protected amino acid (or 
a peptide), CDI and 1-hydroxybenzotriazole (HOBt) were used. [35] 

Another solid phase fragment condensation with CDI and 1-hydroxybenzotriazole in 
the synthesis of the human insulin B-chain afforded the oligopeptide in 75% yield. The 
reaction time with the coupling pair CDI/HOBt was shorter than in the case of the DCC/ 
HOBt system. t36] The CDI/HOBt activation method was also applied to the synthesis of a 
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thymosin-ai analogue and a prealbumin prosequence. Racemization by that method was 
insignificant. [37] A further advantage of coupling with CDI/HOBt was the high-yield 
recovery of excess fragments. [35],[36] 

Tos Tos O ^^^ 

Ddz-Gly-Val-Phe-OH + H-^g-i^g-0-CH 2 -C-{jM 

CDI (1 equiv.) / HOBt (2 equiv.) 



Tos Tos O ^^^ 

Ddz-Gly-Val-Phe-^g-i^g-0-CH 2 -C-(V) 99% [35] 

Ddz = a,a-dimethyl-3,5-dimethoxybenzyloxycarbonyl 
Tos = 4-toluenesulfonyl 



© 



P ) = polymer from cross-linked polystyrene with 2-oxoethylbromide anchor functions 
HOBt= 1-hydroxybenzotriazole 

l-(2,4,6-Triisopropylbenzenesulfonyl)-3-nitro-l,2,4-triazole in the presence of 4- 
rtiorpholine pyridine- 1 -oxide was used with advantage as a coupling reagent for a solid- 
phase (p-alkoxybenzyl ester type resin) synthesis of peptides such as Leu-AIa-Gly-Val- 
OH or Leu-enkephalinamide (Tyr-Gly-Gly-Phe-Leu-NHj). The overall yield in the latter 
case was 70%, the purity of the peptide was 85-90%, and racemization was virtually 
zero. [38] 

iso-CMn 
NO, * 






wo-C 3 H 7 

An application of CDI for the attachment of peptides to porous glass is described in 
reference [39]. Succinyl glass was treated with CDI to give the activated glass, which was 
stable at — 20 °C under exclusion of moisture. The peptide glass was obtained by 
covalent attachment of a peptide (e.g., Gly-Leu > 95%, Gly-Leu-Ala > 95%, Gly-Leu- 
Tyr 93%) as its triethylammonium salt to the activated glass. This method permitted 
investigation of stepwise degradation of peptides from the CC>2-terminus. 

-Si-CH 2 CH 2 CH 2 -C-CH 2 CH 2 C0 2 H CPI > azolide 

succinyl glass activated glass 
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Azolides as Terminating Agents 

Af-Acetylimidazole was found to be a very efficient terminating (capping) agent in the 
solid-phase synthesis of peptides. t40],t41] A terminating agent is used to block any N- 
terminal amino groups that have not reacted in the coupling steps. t40] 



5.2 Syntheses of Peptides via ^m/n^- Activation of Amino 
Acids 

Activation by Imidazolide, Triazolide, and Pyrazolide Groups 

The imidazolide group at the amino end of an amino acid is as reactive toward 
nucleophiles as the imidazolide group at the carboxylic end of an amino acid. If an N- 
protected amino acid is selected as nucleophile, this method can also be used for peptide 
synthesis. The amino-activated amino acids, for example AT-(l-imidazolylcarbonyl)- 
amino acid esters, are prepared from a-isocyanatocarboxylic acids and imidazole. 

R O R 

O'CsN-CHCOjCyf^ + fcnH > Im-C-NH-CTa^Qft 

azolide 

OR R 

Im-C-ra-CTCOAH, Z "^ C ^ ( ¥ I > z-NHO^C^NH-CHCOaCA 

-Unci, -CCJj 

azolide peptide 

TABLE 5-6. Peptides from #-(l-imidazolyl or 1,2,4-triazolyl carbonyl)amino acid ester and Z-glycine. 



R 


Azolide 


Yield (%) 


Yield of peptide (%) 


Ref. 


H 


imidazolide 


84 


80 


[42] 


CH 3 (DL) 


imidazolide 


92 


63 


[42] 


C6H5CH2 


imidazolide 


89 


70 


[42] 


C 6 H 5 CH 2 SCH 2 (L) 


imidazolide 


79 


61 


[42] 


H 


triazolide 


84 


72 


[43] 


CH 3 (DL) 


triazolide 


79 


59 


[43] 


C 6 H 5 CH 2 (L) 


triazolide 


95 


87 


[43] 


(CH 3 ) 2 CHCH 2 


triazolide 


75 


76 


[43] 



The reaction conditions for this peptide synthesis are equimolar amounts of the 
reagents, five to eight hours, and 75-85 °C. [44 * Use of a-isothiocyanatocarboxylic acids 
caused the yields of peptides to be lower. Instead of N-(l-imidazolylcarbonyl)amino acid 
esters, the corresponding triazolides were also utilized in the peptide synthesis. 

If the reactions are carried out with hydrazides like Z-NHNH2 or Z-Gly-NHNH 2 
instead of TV-protected amino acids, the reaction products are called azapeptides: [43] 
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Example: 

O O 

« Z-NHNH* „ « 

78% 
An azapeptide was also synthesized from a pyrazolide of an AT-activated glycine 
ester: [42] 



O-*- 



Z-NHNH, ii 

NH-CHjCOjCjH, — ^ Z-NHNH-C-NHCHaCOjCjHj 

48% 



Activation by a Benzotriazolide Group 

Amino acids activated at the amino group by a benzotriazolide moiety react with amino 
acids under elimination of benzotriazole and C0 2 to give peptides. Reaction is achieved 
by warming up equimolar amounts of the components in anhydrous acetonitrile or 
aqueous acetone. 1451 The benzotriazolylcarbonylamino acids are prepared from benzo- 
triazolyl-1-carboxylic acid chloride and amino acids. [46] 

R 2 

• R 1 R 2 

HjN-CHCOjH i i 

R 1 

i i 




0=C-NHCHC0 2 H -|^ JLj/*' ~ C ° 2 

H 




Peptide Yield (%) 

Pfae-Gly-OH 83 

Phe-Leu-OH 87 

Gfr-Phe-Leii-OH 81 



The mechanism of this reaction is not fully understood. [45] 

An analogous synthesis of Z-protected peptide esters is described in reference [47]. 
The reaction conditions were heating for several hours in anhydrous xylene at 140 °C. 

R 1 

i R l R 2 

Z-HN-CHCaH i i , 

— - ^ > Z-NH-CH-CONH-CH-COR 3 




0=C-NHCHCOR 3 "L JL 1 /^ , "" c ° 2 

H 




Peptide Yield (%) 

Z-Gly-Gly-OCH 3 60 

Z-Gly-Gly-OCH 2 CyH5 55 

Z-Itoe-Gly-OO^QH, 75 

Z-Phe-Met-OCHa 51 

Z-Gly-Phe-OCHaQjH, 68 

Z-Phc-Phe-OO^CsHs 75 
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Tripeptide esters can also be synthesized by this method. Dissociation of the ben- 
zotriazolide into benzotriazole and isocyanate has been suggested for the reaction 
mechanism. [47] 



N ^ 0=C=N-CHC0 2 R 3 + II N 

N R 2 SA/ 

0»C-NHCHC0 2 R 3 H 



>2 & n i ~ ~ D 2 




r2 nr v«, X„ ™„ R 1 O O R 2 

• i Z-NH-CH-CO,H i ii ii i 

0=C=N-CHC0 2 R 3 2 — >> Z-NH-CH-C-0-C-NH-CHC0 2 R 3 



R 1 O O R 2 R 1 R 2 

Z-NH-CH-C-0-C-NH-CHC0 2 R 3 > Z-NH-CH~CONH-CHC0 2 R 3 

"~ co 2 



Activation by a Sulfenamide Group 

Another JV-activation of amino acids for peptide synthesis is achieved by preparing 
sulfenamides from sulfenylimidazoles. A sulfenylimidazole is formed in situ from the 
sulfenyl chloride (prepared from the disulfide and chlorine) and imidazole, which reacts 
further with an amino acid ester to give a sulfenamide in high yield. Conversion of such 
sulfenamides with 7V-acyl amino acids by means of triphenylphosphine affords dipeptides 
with racemization of less than 0.5%. [48] 



R-S-S-R Cl 2 > RSC1 lwH > R-S-Im R = 



CH 3 

Cl 




H 3 C^N 



R 5 



R 4 R 5 

i i 



n o r R 4 NHCHCQ 2 R 6 ^ „ - T a,™„< 

R-S-Im -— 2 — >* R-S-N-CHC0 2 R 

- ImH 



6 



R 4 R 5 R 6 Yield (%) 

H iso-C 3 H 7 CH 3 81 

CH 3 iso -C4H9 C 6 H 5 CH 2 96 
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R 4 R 5 
R-S-N-CHC0 2 R 6 



R 2 R 3 
R 1 ~N-CHCQ 2 H 
(C 6 H 5 ) 3 P 



R 2 R 3 R 4 R 5 
R^N-CHCON-CHCOzR 6 



5.3 Polypeptides 



Yield (%) 



Z H fco-C 3 H 7 H fto-C 3 H 7 CH 3 78 

Boc CH 3 *so-C 4 H 9 CH 3 iso-C 3 H 7 C 6 H 5 CH 2 80 



Condensation by CDI 

Amino acids such as glycine, alanine, or phenylalanine have been reacted to polypeptides 
by means of CDI in aqueous imidazole buffer. [49] 



H 2 N-CHC0 2 H 



CDI 



pH6.8 



J * 1 

-tHN-CH-COj- 



The reaction rate of glycine in the presence of CDI is about 700 times greater than 
without CDI. 

Amino acids containing nucleobases like uracil and adenine, as well as imidazole, 
such as j?-(uracil-l-yl)-a-alanine, /J-(adenin-9-yl)-a-alanine, and j8-(imidazol-l-yl)-a- 
alanine, can also be polycondensed by CDI in aqueous imidazole buffer solution at pH 
6.8 at °C. The polycondensation leads to low conversion (yields of polymer ~ 1% after 
four days), but pure polypeptides resulted from the reaction. Thus, compared to other 
alternative procedures for polycondensation, that using CDI proved to be the most 
effective. [50] 

Test results for a series of reactions of polyfunctional amino acids with CDI in 
aqueous solution are reported in reference [51]. Serine and threonine did not poly- 
condense. Instead, via the iV-imidazolyl-carbonyl amino acids, L-2-oxooxazolidine-4- 
carboxylic acid or L-(+)-rraw5-5-methyl-2-oxooxazolidine-4-carboxylic acid were 
obtained. 



© CH 2 OH 
HJM-CH-COJ 



CDI 



0°C 



O 

it 

Im-C- 



CH 2 OH 



NH- 



CH-C0 2 H 



45% 



-CH 2 
I >-C0 2 H 

H 



CH 3 

© H ? OH e 

H 3 N-CH-C0 2 



CDI 



O 

it 



CH 3 
HCOH 



0°C 



-&> Im-C-NH-CH-CC^H 



46% 



CH 3 

Q .CH 
I >-C0 2 H 

H 
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In the reaction of histidine with CDI, however, polycondensation was achieved at 
30 °C with excellent yields of oligohistidines via a variety of histidine-containing 
intermediates. [51] 

Amino acids containing nucleobases were polycondensed by means of CDI as indi- 
cated in the following examples: [52] 



o 



2 CDI 



CH 2 CH 2 CHC0 2 H 
NH 2 



imidazole buffer 



HN 



O 



NH 2 



> 



2 CDI 



(CH 2 ) 2 CHC0 2 H 
NH 2 



imidazole buffer 



CH 2 CH 2 CHC0 2 H 

NH-C-Im 

ii 

O 
NH 2 



5h 



->> oligomeric peptides 



££ 



N^N 



(CH2) 2 CHC0 2 H 

NH-C-Im 
ii 

O 



5h 



oligomeric peptides 



Among the polymeric peptides up to decamers are formed in varying yields. [52] 



Condensation by Triazolides 

Polycondensation of amino acids with phosphorous diester triazolide are described in 
references [28] and [53]. Below 80 °C, no racemization was found. 



(J-Ala-Phe 



I N . 



"OC 



DMF 



2 " 5 (A) r 



CH 2 C 6 H 5 

(CH 2 ) 2 -CONH-CH-COf 

— ' n 

55% 



The following phosphorous triazolides, can also be used for this polycondensation. 
The most suitable triazolide, however, is the phosphorous acid diethyl ester triazolide 
because of an easy work-up of the reaction mixture. t28] 



I N-P v J 



.O 



(B) and 



&-n 




(C) 



Other polypeptides obtained by polycondensation with phosphorous diester triazo- 
lides are: N £ -Z-polylysine, t28] N a -Z-isopolylysine, t28] and the sequence polypeptides from 
0-Ala-0-Ala-Gly. t53] 
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Sequence polypeptides were obtained by polycondensation of tauryl peptides and 
3-aminopropansulfonylpeptides with the two phosphorous acid diester triazolides 
A and B: [54] 



H 3 N(CH 2 )2S0 2 NHCH 2 C0 2 H ^ ** B > -fHN(CH 2 ) 2 S0 2 NHCH 2 C0 2 - 



5.4 Determination of Amino Acids in Polypeptides 

TV-Terminal Cyclization of Peptides 

N-Terminal cyclization of peptides by heating to give hydantoins was achieved with 
CDI or iV^V'-thiocarbonyldiimidazole (ImCSIm) under very mild conditions (room 
temp.) and without racemization. [55] This method is suitable for determination of the first 
two amino acids in the sequence of an unknown oligopeptide, as shown in the following 
two examples: 

o 

IN - Leu- Asp(OCH 2 C 6 H 5 )-Phe-NH 2 
Trp-Leu-Asp(OCH 2 C 6 H 5 )-Phe-NH 2 ~- — >* CH 2 O 

H 
O 



Asp(OCH 2 C 6 H 5 )-Phe-NH 2 -~~- >* HI f N-Phe-NH 2 

DMF ^ ' 






CH 2 o 88% 

The cyclization reaction can also be carried out with oligopeptides in the solid phase. 
Thiohydantoins are obtained analogously by conversion of oligopeptides with 
ImCSIm: [55] 

S 
*J* N - Leu-Asp(OCH 2 C 6 H 5 )-Phe-NH 2 

Trp-Leu-Asp(OCH 2 C 6 H 5 )-Phe-NH 2 *"*~ SIm >• CH 2 o 

91% ^s. ^A 
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Peptides with N-terminal j8-amino acids are cyclized by CDI to give 2,4-pyr- 
imidinediones: [55] 



CDI 



O 
P-Aki-Phe-NH 2 — > /N-Phe-NH 2 

O 



Carboxyl Terminal Determination of Peptides 

For carboxyl terminal determination of peptides by means of CDI the terminal carboxylic 
acid group of the peptide is selectively reduced with sodium dihydrobis(2-methoxy- 
ethoxy)aluminate to an alcohol. Subsequent conversion of the amino alcohol moiety with 
CDI yields an iV-acyl-2-oxazolidone derivative, from which the oxazolidone unit can be 
easily removed and characterized. [56] 

Peptide -NHCHC0 2 H Na[H 2 Al(OCH 2 CH 2 OCH 3 ) 2 1 > Peptide . NHCHCH2()H 



CDI 



THF 



^ HN-CH-R Peptide -N-CH-R 

Peptide + / » ^ HC1 v I • 

°^0 2 0^ ^ CH 2 
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6 Modification and Immobilization of Proteins 
(Enzymes) 



6.1 Modifications of Proteins (Enzymes) with Azolides 



Chemical modifications of proteins (enzymes) by reacting them with N-acylimidazoles 
are a way of studying active sites. By this means the amino acid residues (e.g., tyrosine, 
lysine, histidine) essential for catalytic activity are established on the basis of acylation 
with the azolides and deacylation with other appropriate reagents (e.g., hydroxylamine). 

Example of the modification of an enzyme by an azolide: 

The inhibition of Ca 2 +-ATPase at the active site by ATP-Im or ADP-Im with the 
participation of Ca 2+ is illustrated by the following model. In the reaction of ATP- 
imidazolide with the carboxylate of Asp 351, a mixed anhydride is formed with the 
aspartate residue, followed by presumably nucleophilic attack of a lysine side chain, 
thereby displacing the nucleotide and leading to an intramolecular crosslink. [1] 

^.'llllll 



H,C V 



c«o 
6e 



Lic-N 



adpO^p-n J 
e 




Proteins/enzymes that have been modified with N-acetylimidazole include: 



Acyl carrier protein [2] 
Adenosine triphosphate 

sulfiirylase (Penicillium 

chrysogenum) [3] 
Aldolase (muscle and liver) [4] 
Aminopeptidase t5] 
a-Amylase (Bacillus 
subtilis) [6] 
Apyrase (isoenzyme of high 

ATPase/ADPase 
ratio, potato) [7] 
S-Aryltransferase (sheep liver 



glutathione) 183 
L-Asparaginase [9] 
Aspartokinase-homoserine 

dehydrogenase 

(Escherichia coli) [10] 
ATPase (H+) [11] 
ATPase (human 
erythrocyte)* 1 2] 
ATPase (renal Na, K- 

ATPase) [13] 
Demineralized compact bone 



matrix' 



[14] 



Carboxypeptidase A (goat 

pancreas) [15] 
Carboxypeptidase B (goat 

pancreas) 1 16] 
Catalase (bovine liver) [17] 
a-Chymotrypsin^ 
Colipase (pancreatic)^ 9] 
Collagenase [20] 
Complement (protein in the 

blood /Lymph from 

guinea pig) [21] 
Concanavalin A t22] 
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Cytochrome C [23] 
Cytochrome C (horse 

heart)™ 
Cytochrome P-450 (liver 

microsomal) [25] 

Diamine oxidase (pig kidney, 

human pregnancy plasma, 

pea seedlings) [26] 
Dihydrolipoyl transacetylase 

(Escherichia coli) [27] 
Dipeptidyl 
carboxypeptidase [28] 
DNA polymerase-a 

(human) f29] 
DNA polymerase-a (human 

placenta) [30] 

E-Toxin (Clostridium 
perfringens) [31] ' [32] 

Fructose 1,6-diphosphatase 

(rabbit liver) [33] 
Fructose diphosphatase 

(liver) [34] 
/?-Fucosidase (Achatina 

balteata) [35] 

j5-Glucosidase and 

j5-galactosidase 

(sweet almond emulsin) [36] 
Glutamine synthetase (native 

octameric brain)* 37] 
Glycogen phosphorylase 

A [38] 



Glycogen phosphorylase B 

(rabbit muscle) [39] 
Glyoxalase I (yeast and 

human erythrocytes) [40] 
Gonadotropin (human 

chorionic)* 41 ] 
Growth hormone (human) [42] 

Haptoglobin (type 2-1 

human) [43] 
Hirudin thrombin complex [44] 
D-jft-Hydroxybutyrate 

dehydrogenase (rat liver 

mitochondriai) [45] 

Lactate dehydrogenase (pig 

heart)' 46 ' 
Lectin (seeds of lentil) [47] 

Lysozyme [48] 

Malic enzyme (pigeon 

liver) [49] 
Mitochondrial L-malate 

dehydrogenase (bovine 
heart muscle) [50] 

Mutarotase (bovine kidney 
cortex) [51] 

Nuclease (Staphylococcal)* 523 

Ornithine transcarbamylase 
(Streptococcus faecalis and 
bovine liver) [53] 



Pepsin 1 



int 54 l 



Phosphorylase B [55] 
Phosphorylase B (rabbit 

muscle) [56] 
Prolactin [57] 
Prostaglandin endoperoxide 

synthase [58] ' [59 l 
Proteinase (Bowman-Birk 

soybean) [60] 
Proteinase (lima bean) [60] 
Renin (mouse submaxillary 

gland) [61] 
Ricin D [62] 

Serotonin transporter (human 

placental) [63] 
Sodium/glucose cotransporter 

(rabbit intestinal brush 

borders) [64] 
Stearylcoenzyme A 

desaturase (rat liver 

microsomal) [65] 
Subtilopeptidase 

amylosacchariticus [66] 
Succinate dehydrogenase 

(mitochondrial) 1671 

Thrombin (bovine) [68] 
Thyroglobin (porcine) t69] 
Trypsin (bovine) [70] 
Trypsin (lima bean) [71] 
Trypsin [72] 

UDP-galactose-glucose 
galactosyltransferase [73] 



In ref. [74] it is emphasized that N-acetylimidazole reacts with all tyrosyl residues in 
copolymers and denatured proteins but only with free tyrosyl residues in native proteins. 
In ref. [75] it is noted that AT-acetylimidazole reacts extensively with both lysine and 
tyrosine chains. 

In a few cases when enzymes are treated with CDI the result is crosslinking. The 
enzyme is often stabilized in the process, thereby retaining its activity. 

Enzymes modified with TVyV'-carbonyldiimidazole (CDI) include:' horseradish per- 
oxidase, [76] /J-lactamase after nitration and reduction, [77] lysozyme, and urease. [78] Ref. 
[77] describes how the tyrosine side chain of a protein was nitrated, reduced with 
dithionite to an amino group, and then treated with CDI or N-(2,2,2-trifluoro- 
ethoxycarbonyl)imidazole to give the benzoxazolinonyl alanine moiety: 
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=0 



CH 2 
-HN-CH-CO- 



No significant loss of /^-lactamase activity was associated with this modification. 
Several proteins have been modified with Af-cinnamoylimidazole (A), l-(Af-6-ami- 
nohexyl)-carbamoylimidazole (B) or l-acetyl-3-acetoxy-5-methylpyrazole (C): 



QHjO^CH-CON \ 
A 



B 



ch 3 con/2T 

CH 3 



jN^^OCOCH 3 



Acetylcholinesterase [79] 
a-Chymotrypsin [79H88] 
0-Chymotrypsin [89] 
Elastase [79] 
Papain [79], [90], [91] 
Subtilisin [79], [89] 
Trypsin [79] 



Kidney-cell plasminogen 

activator [92] 
Plasmin [92] 
0-Trypsin [92] 
Urokinase [92] 



Bovine serum albumin [93] 
a-Chymotrypsin [93] 
0-Chymotrypsin [93] 
Insulin [93] 
Lysozyme [93] 
Ovalbumin [93] 
RNase [93] 
Trypsin [93] 



Proteins modified with other azolides: 



Proteins 



Azolides 



Ref. 



Acyl carrier protein 



Bovine serum albumin 



Lactosaminated human serum 

albumin (L-HSA) 
Ca-ATPase 
a-Chymotrypsin 



C n H 2n+1 CO-Im(w = 3, 13, 15; 
A 3 -decenoyl-Im) 

O 

ii 

(CH 2 ) 2 



[1] 




O 

ara-AMP-Im 

ATP-Im 

a) fiirylaciyloyl-Im 

b) indoleacryloyl-Im 

c) thienylacryloyl-Im 
d)C 6 H 5 CsC-COIm 



[94] 



[95] 

[96] 

[82], [97] 
[82] 
[97] 
[98] 
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(continued) 



Proteins 


Azolides 


Ref. 


/?-Chymotrypsin 


indoleacryloyl-Im 


[89] 


<5-Chymotrypsin 


iV-acetylbenzotriazole 


[99] 


Creatine kinase 


AMP-Im, ADP-Im, ATP-Im 


[100] 


DNA-polymerase 


ATP-Im 


[101] 


Factor serum thymic 


JV-acetylbenzotriazole 


[102] 


Horseradish peroxidase 


C 8 F 17 (CH 2 ) 2 COIm 


[103] 


Phospholipase A2 (bee venom) 


oleoyl-Im 


[104] 


Subtilisin 


a) indoleacryloyl-Im 


[89] 




b) furylacryloyl-Im 

J Vc-NH-CH r 

H 1 


[105] 


Thyrotropin-releasing hormone (THR) 


[106] 




O 

0=C-Im 






Pyroglutamyl-0-( 1 -imidazolyl- 






carbonylseryl)-prolinamide 




Urease 


C 8 F 17 (CH 2 ) 2 COIm 


[107] 



6.2 Immobilization of Proteins (Enzymes) and Affinity 
Ligands Mediated by CDI 



A review covering CDI-mediated immobilization of enzymes and affinity ligands with 
preparations of activated matrices, ligand coupling to CDI-activated supports, and 
applications of CDI-derived biospecific affinity supports in the purification of enzymes is 
available in reference [108]. This method has been used in biospecific interaction 
chromatography (affinity chromatography for the purification of biologically active 
molecules such as enzymes [108] or antibodies [109] ). Polymeric supports (gel matrices) 
containing hydroxy groups are activated by CDI to give intermediate imidazolylcarba- 
mates that readily react with Af-nucleophiles such as the free amino groups of the ligands 
(proteins), yielding non-basic, uncharged Af-alkyl carbamates. tl08],[110] 
Activation of gel matrices by CDI (anhydrous milieu): 



matrix— OH 



CDI 



O 



■>> matrix— O-C-Im 
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Coupling of a protein to the support (aqueous milieu): 



O O 

matrix- O-C-Im T * ^ > matrix- O-C-NHR 
pH 5 - 10 



RNH 2 = protein or H0 2 C(CH 2 ) 5 NH 2 or NH 2 (CH 2 ) 6 NH 



2 



This method is considered to be superior to the standard cyanogen bromide proce- 
dure.* 108 ^ 10 ] 

The activation reaction is usually carried out in acetone, dioxane, or dimethyl- 
formamide. The activated matrices have sufficient stability to aqueous conditions to 
allow isolation of the washed products. [111] In addition to CDI, A^'-carbonyldi- 1,2,4- 
triazole or iV^'-carbonyldi-l,2,3-benzotriazole have also been tested as activating 
agents. tl08],[111],tll2] Among them, however, CDI is most convenient for preparation of 
the activated matrices used in affinity chromatographic experiments. The carbonyldi- 
1,2,4-triazole-activated matrix is more reactive than the CDI-activated matrix, and 
therefore useful for the coupling of unstable protein ligands over short coupling times. 
Carbonyldibenzotriazole reacts with the matrix only slowly and inefficiently. [111] Pro- 
teins are attached to the supports either directly or via spacer molecules (leashes) 
such as 6-aminohexanoic acid, tl08] l,6-diaminohexane, [110] or 3-aminophenylboronic 
acid. [113] In the latter cases coupling of the leash to the matrix is achieved by CDI, 
while coupling of the protein to the leash is usually carried out with other mediators 
(for instance, with a carbodiimide, as described in references [111] and [112]). The 
matrices can be polysaccharides or similar soft polymeric gels such as agarose (e.g. 
sepharose CL-6B), cellulose, cross-linked dextrans, cross-linked allyl dextrans, agarose 
polyacrylamide copolymers, poly(ethylene glycols), hydroxylic vinyl-, acryl- or allyl 
copolymers, and silica-based supports such as quartz surfaces with spacer chains, 
glyceryl propyl bonded porous diol silica, tl08] or primary hydroxyl silica. [109] ' [114] ' tll5] 
In the activation of hydroxylic solid phase supports with CDI, high levels of activation 
can be achieved. For example, with cross-linked agarose in dioxane the yield of active 
groups was found to be 1.73 mmol/3 g of moist cake, or 65%. This CDI-activated 
agarose had a half life of greater than fourteen weeks when stored in dioxane, with 
good stability over a wide pH ranged 1 16] Activation of various other insoluble poly- 
saccharides with CDI and the properties of the activated matrices are discussed in 
reference [116]. 

The diverse activation levels of polyhydroxylic matrices generated by conversion 
with CDI is illustrated in reference [117]. 

The scheme below shows reaction possibilities for carbonyldiimidazole activation of 
polyhydroxylic matrices. The formation of these activated sites depends on [U7] 1. the 
partial disposition of hydroxyl groups accessible to the solvent, 2. the initial concentra- 
tion of CDI, and 3. the chemical nature of the gel matrix. 
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CDI 




CDI 



Low Activation 



CDI 





Medium Activation 



High Activation 



Optimization of the CDI method for the development of affinity membranes of the 
cellulosic or polyamide type is described in reference [118]. 

Different types of protein or ligand linkages to hydroxylic matrices via spacers are 
shown in the following three examples: 

Example 1: Attachment of an enzyme to a quartz surface is usually effected via a spacer 
chain.* 119 ! 



C0 2 H 
(CH 2 ) I3 
CH,-Si-CH, 

O 

, L_ 



CDI 



COIm 
(CH 2 ) 15 
CH3-S1-CH3 

6 



Urease-NH 



a -^ CH,-Si-CH- 



CONH-Urease 
(CH 2 ) I5 



O 

-JL_ 



Si 



Si 



Si 



quartz side 



quartz side 



quartz side 



Example 2: Linkage of c-AMP to aminohexyl(AH)-Sepharose 4B. [120] 

NH 2 NH, 



Ctj 






o=p 

101 



DMF 



-O OH 



JX3 " 



o=p 
161 



•O O-C-Im 



e 
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NH, 



<:tj 



n O ^ N 
AH-Sepharose4B Y "V" *H 

H 2 OZDMF / \ ( 

u ~ V — O O-C- NH(CH 2 ) 6 NH-Sepharose 

lol A 



Example 3: Coupling of a protein to a copolymer via a spacer. [121] 



Im 

c*o 

? H CDI > ? HjN-CCHA -COzH > 


C0 2 H 

(CH 2 ) 5 
NH 

C=0 

i . 

? ppain-NH 2 > 

R , -N=C=N-R 2 

H3 9/ — \ 
:h 2 -n o 


* H 
C-N- papain 

(CH 2 ) 5 
NH 

C=0 

i 



1 


vinylalcohol / 

vinylbutyral 

copolymer 

R , -N=C=N-R 2 = ( \-N=C=N-CH 2 C 





Enzymes or affinity ligands attached by the aid of CDI to various matrices are listed 
in Tables 6-1, 6-2 and 6-3. 

Bacterial polysaccharides were activated with CDI and then coupled via spacers to 
immunogenic membrane proteins. tl33],tl34] 



PsOH -2L_* Pso-£-i m h ; n ( ch ; ) 4 nh ; > f^-nhcch^nh, P-no^occh^ 

NHCOCH3 

PsO-^HN<CH 2 ) 4 NH-£-CH 2 Br ^NHCO-CH^SH ,, 

O O NHCOCH3 

PsO-C-HN(CH 2 ) 4 NH-C-CH 2 S(CH 2 ) 2 CHCONHPro 

Ps = polysaccharide, Pro = protein 

Cellulose acetate-bonded photosensitizers are prepared by coupling a carboxyl-con- 
taining photosensitizer (such as bengale rosa, rhodamine B, or acridine orange modified 
with chloromethylbenzoic acid) to the hydroxyl containing cellulose acetate by means of 
CDI. Photosensitizers immobilized in this way by an ester linkage are used for the 
production of singlet oxygen. [135] 
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Table 6-1. Immobilization of enzymes and affinity ligands on polysaccharide matrices with 



CDI. 



Matrix 



Attached protein or affinity ligand, or spacer and affinity 
ligand 



Ref. 



Agarose 

Bead cellulose 
Phosphocellulose 



Sepharose CL-4B 



a) m-Aminophenylboronic acid 

b) Insulin 

6-Aminocaproyl-p-aminobenzamidine 
RNA 



a) 



H 2 N /=K 



" 21 V _/=\ /^ 



NH(CH 2 ) 6 NH 2 



[113], [122] 
[123] 
[124] 
[125], [126] 



[127] 



NHCH, 



AH Sepharose 4B 
Sepharose CL-6B 



b) Goat antiapolipoprotein B polyclonal antibody [128] 

c-AMP [120] 

a) 6-Aminocaproyl-p-aminobenzamidine [108], [112], 

[124] 

b) 1,6-Diaminohexane/iminobiotin [108], [129] 

c) 6-Aminohexanoic acid/trypsin inhibitor [130], [131] 

d) Thyroglobulin [132] 

e) Immunoglobulin (IgG) [132] 

f) 6-Aminohexanoic acid/p-aminobenzamide [112] 

g) Trypsin inhibitor [1 10], [1 12] 
h) Lactate dehydrogenase [108] 



Table 6-2. Immobilization of enzymes and affinity ligands on silica gel matrices with CDI. 



Matrix 



Attached protein or affinity ligand or 
spacer/affinity ligand 



Ref. 



Diol bonded silica 



Diol silica 
LiChrospher Si 500 
Porous glass 
Primary hydroxy silica 



Silica gel coated with dextran or agarose 
Nickel/silica composite 
Quartz surfaces 



Glucosamine, bovine serum albumin, 

immunoglobulin, acetylcholine 

esterase, horse liver alcohol 

dehydrogenase 

Concanavalin 

Protein A 

/?-Aminophenylboronic acid 

a) Trypsin inhibitor 

b) Trypsin 

Protein A, concanavaline A 

Invertase 

16-Carbon spacer chain, urease 



[136] 



[137] 

[108] 

[138] 

[109], [114] 

[115] 

[139] 

[140] 

[119] 
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TABLE 6-3. Immobilization of enzymes and affinity ligands on matrices from polyamides, proteins, or other 
polymers/copolymers with CDI. 

Matrix Attached protein or affinity ligand or Ref. 

spacer/affinity ligand 

Acid hydrolyzed nylon 6/6 Antibodies [142] 

Bovine serum albumin 

Histone 

Styrene/4-vinylbenzoic acid copolymer 

Fractogel HW 65 F 

Poly(ethylene glycols) 

Ethylene glycol dimethacrylate/ 

hydroxyethyl methacrylate/ 

methyl methacrylate copolymer 
Rayon polyester 
Trisacryl GF 2000 



Vinylalcohol/vinylbutyral copolymer 
membrane 



7-Imidazolylcarbonyltaxol , 


[143] 


m-Aminophenylboronic 

Lysozyme 

Antilysozyme 


acid 


[144] 
[145] 
[146] 


Trypsin-radiolabeled a 2 - 


-macroglobulin 


[108] 


complex 






Antibodies 




[147], [148] 


Bovine serum albumin 




[150] 


a) Antilysozyme 




[146] 


b) Protein A 




[108] 


c) Pepsin 




[108] 


a) Papain 




[121] 



b) 6-Aminocaproic acid/Papain [121] 



* Further examples are given in references [147]-[149] 



The formation of a nucleosil bonded lecithin by means of an imidazolide is described 
in reference [141]. See also Chapter 4, page 165. 

Antibodies were attached to liposomes by the CDI activation method via the gly- 
colipid tetradecylmelibionamide. tl51J 
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7 Syntheses of Heterocycles 



7.1 Heterocycles Based on C=0, C=S, or S=0 Insertion 
Using TV^V-Carbonyldiimidazole (CDI), 
AyV'-Thiocarbonyldiimidazole (ImCSIm), 
and AyV'-Sulfinyldiimidazole (ImSOIm) 



7.1.1 Five-Membered Rings with N-CO-N or N-CS-N Units 

The insertion of a C=0 or C=S group between two amino functions or one amino and 
one imino function of 1,2-diamino or amino/imino compounds leads to five-membered 
heterocyclic rings. 



R' R' 

i i 

C NH CDI or ImCSIm S*~ N ^» 
>> ( j;c = x x = o,s 
NH V — NT 



R 2 R 2 



R 1 R 1 

i • 

NH CDI or ImCSIm ^ f N \ 

> ( J,C*X x = o,s 

C = NH V *-C=N 

R 2 R 2 



Various five-membered rings and their cyclization yields are shown below, with the 
inserted groups in italics: 



CH ^"0 \=/ ° CH3 kX/ = ° S=C-CH-NH-Boc 

H CHPCH 2 C 6 H 5 

88% [1] 75% [2] (prepared with carbonylditriazole) 

91% [3] 
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O 



H O 

47% [4] 72% [5] 



^y-f^l ch 3 o och 3 

NC><^-S0 2 CH 3 V^O"^ - Vr 



NH 



91% [6] 53% [7] 



/-n-hOcch-co-^J-n-c^ *yj^, CH ^ CH - 

45% [8] 80% [9] 86% [10] 




XCr 



85% [II] 36% [12] 51% [\i] 

N-n H O c »> 

(CH0 2 N^ N ^N(CH 3 ) 2 "^^-s^-N H 

65% [14] 85% [11M15] 61% (after benzylation) [16] 



Further examples of this type are described in references [17]— {21]. 



7.1.2 Six-Membered Rings with N-CO-N or N-CS-N Units 

Insertion of a C=0 or C=S group between the two amino functions of a 1,3-diamino 
compound proceeds correspondingly to give six-membered heterocycles. 



7. 1 Heterocycles Based on C=0, C=S, or S=0 Insertion 24 1 

R' R 1 

C NH CDI or ImCSIm /^ N s 
>* ( J^C^X x = o,s 
NH v — NT 

R 2 R 2 



NHa ^ * AS 



N W O 

>90% [22] 96% [23] 60% [24] 62% [25] 



^ VII P" \ ** 



r 



41% [26] 82% [26] 



N* 




CHjCyEis 







85% [28] 72% [29] 89% [30] 86% [31] 

NH 2 

«t CH2 

"SAP* ^vC ^yV i 




° H ° C&t OH 

91% [32] 82% [33] 87% [34] 33% [35] 



O Q 

CH 3 -N A y N TjI-C 8 H 4 -p-OCH, (fcrf-C^CH&SiO-T^O^^ ,K N ' ai) 

CH 3 (te/t-C 4 By(CH 3 ) 2 Si6 ° N 

95% [36] 85% [36a] 
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- - - i T° tS 

k^jv-.N N-CHAHs 
P-CHAH4 • 






H 
95% [37] 43% [30] 97% [38] 




NHs 



HS 






^^ ^C^ OH 

60% [39] 81% [27] 85% [29] 48% [35] 

Further examples of this type are found in references [40]-[43]. 



7.1.3 Seven-Membered Rings with N-CO-N or N-CS-N Units 

The insertion of a C=0 or C=S group between the two amino functions of a 1,4-diamino 
compound to give a seven-membered heterocycle usually occurs in very good yield. The 
yields of heterocycles are, in most cases, t44] considerably higher than in the corre- 
sponding reactions with phosgene or thiophosgene. For instance, the l,3,5-triazepin-2- 
thione derivative in ref. [45] could not be obtained with thiophosgene at all. 

R 1 R 1 

1 1 

C NH CDIorlmCSIm /^" N ^ 
>* f J,C*X x = o,s 
NH ^—NT 

R 2 R 2 



CH, CH| h q 



CHs CH, 



H O 



40% [46] 88% [47] 53% [45] 85% [48] 

see also [46a],[46b] 
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82-90% [44] 46% [45] 82% [44] 39% ( with thiocarbony 1- 

ditriazolc) [49] 

For further examples of this type see reference [50]. 

7.1.4 Eight- and Higher-Membered Rings with 
N-CO-N or N-CS-N Units 

Insertion of a C=0 or C=S group between the two amino functions of a 1,5-diamino 
compound can be used to produce eight-membered heterocycles. Higher membered 
heterocylces are also obtained on this way: 

R 1 R l 

i i 

C NH CDI or ImCSIm S~~ N ^ 
^ C ^c=* x = o,s 
NH V *-INT 



R 2 R 2 



OH 



■oO" -co *> 



Toe Tog O 

66% [51] 74% [51] 99% [52] 



7.1.5 Five-Membered Rings with N-CO-O, 
N-CS-O, or N-SO-O Units 

Insertion of a C=0, C=S or S=0 group between an amino and a hydroxy function of a 
1,2-aminoalcohol produces a five-membered heterocycle with O and N as ring hetero- 
atoms linked by -CO-, -CS- and -SO-groups. Although the reaction proceeds in two 
steps, it can often be carried out as a one-pot process. 



R *Y R 



^-NH CDI, tocsin ^—N-X-lm ^" M% »r-r X-C.Y-O.S 

V^qh odmSOIm ^--OH V- ^ X-S.Y-0 
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If R = H an isocyanate is formed as a further intermediate. The required Ori group 
can also originate from a keto-enol equilibrium as below. [53] 

R R R 

R 2 s^NH ™ ¥ R* N-COIm R 2 v^N 






R 1 


R 2 


R 


Imidazole- 
Af-carboxamide 


Oxazolone 


Cft 


H 


H 


91% 


40% 


CA 


CH 3 


H 


99% 


98% 


C^ 


H 


CH 3 


57% 


34% 



Further examples of heterocycles prepared accordingly: 

CB^ CH,CH»CHeA C 6 H s efiTN-N=CHQH J OCA 

94% [54] 88% [54a] 78% [55] 93% [56] 

H ° S OCH 3 ° CT-Xf 

52% [57] 85% [58] 94% [59] 31% [60] 

NH, H H ^-jfo ^-° 

87% [61] 97% [62] 50% [63] 40% [64] 47% [65] 



^tXCHafe-SKCH* AAA Vb « 



OH O HN-(CH^,- 

HO--< J .OS VSrV { JP ~'>-v 9">CH, 

£pg oh o HN^CH^-k-d^ \_)-oa 

81% [66] 88% [67] 87% [68] 
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-CH, 




^^"° exo/endo 4:1 

62% [69] 85% [70] 

Other examples are described in references [1], [64], [71}-[75]. 

The CO-transfer reaction onto o-aminophenol or o-pheilylenediamine by GDI has 
been used as a method for converting j8-lactam carbanilides, obtained by a 4-component 
condensation, into the corresponding carboxylic acids without damaging the sensitive jS- 
lactam moiety. The method has its basis in the production of easily cleavable compounds 
from o-hydroxy- and o-aminoanilides and CDI: [76] 

n «** - ™ n v^ 

l — N-CH-< 



J — N-CH-CONH-|f^»i CDl > J — N-CH-CON 
HX 



b -1| — o ^ 




acetone* 
0.1 nHQ 



X-O.59% 
X-NH:61% 



N-CH-COJS+ 0=< 11 



7.1.6 Six-Membered Rings with N-CO-0 or N-CS-O Units 

In analogy to the preceding Section 7.1.5 the insertion of a C=0 or C=S group between 
an amino and a hydroxy function of 1,3-aminoalcohols using CDI or ImCSIm yields six- 
membered heterocycles with a carbamate or thiocarbamate structure. 



A: °^ rf? M o6r 



XJJ ^ 



93* r77] 74* [78] CH, 47* P9] 53* [80] 
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n ^OH 






o^o. 



Sfr 



MH 



cya, cjh, 

83% [81] 73* [82] 61* [82] 65* [83] 



66* [84] 




•O^ 




(QH&CO 



OH S ^ J V N 
6 NHNHj OCH, 

90* [85] 79* [86] 54* [86] 




74* [69] 



^ 40* [79] 56* [86] 34* [82] 

O H 



XJ 



ONOj 



CHs 



57% [81] 



oy 



77% [69] 



AcO-. o^ 

OAcOAc 
93% (after mrthylatioii with CHal) [88] 



Further examples in references 189}— {91]. 



7.1.7 Five- and Six-Membered Rings with O-CO-S, 
N-CO-S, or N-CS-S Units 

Insertion of a C=0 or C=S group between hydroxy or amino groups and a thiol function 
in 1,2- or 1,3-positions leads to a five- or six-membered heterocycle: 



c 



SH 
XH 



CDIorlmCSIm 



c 



X-O.NR 
r*-* Y-O.S 
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Examples: 



0>> c> "2c}~ Cx> 

90% [92] 68% [93] 71% [94] 72% [95] 

f._._ rt~ 00- ^ 




OS 



o oge^ca ^-j/ 



H C^CCCHjyjSCHjCA-p-OCHs 

71% [96] 62% [97] 92% [69] 91% [98] 

Further examples are described in reference [99]. 



7.1.8 Five- and Six-Membered Rings with O-CO-O 
or O-CS-O Units 

Insertion of a C=0 or C=S group between the two hydroxy functions of 1,2- and 1,3- 
diols results in a five- or six-membered ring (see also Section 3.8). 

£-OH CDIclmCSM > ^° >sI x . 0>s 



Examples: 



t> °Rx°% 



° o 



40-60% [100] 80% [101] 85% [101] 

76% [102] 82% [69] 85% [103] 78% [104] 

Further examples of the l,5,2-dioxazinane-3,6-dione type obtained from glycolohy- 
droxamic acids and CDI are described in references [105] and [106]. 
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These compounds can be converted either to l^-oxazetidin-S-ones^ 1051 ^ 107 ^ 1091 
under elimination of C0 2 or to 4-oxazolidinones [107] by treatment with imidazole: 



O 



20-110°C 






O-N 



ImH 



ifR 3 - (QH^CH, 

(CHsXCH^CH, 
CgHjrCHa 



<XI| Im 



110 °C 



* , '& N "o^o -CO„- 



ImH 



O^NH 

• Rl Vo 
R 2 O 

R " GgH^, GH^ H 



Other follow-up reactions from the l,5,2-dioxazinane-3,6-diones are described in 
reference [106]. 

Reference [110] describes the synthesis of l,2-oxazetidin-3-ones from AT-substituted 
glycolohydroxamic acids and CDI without isolation or purification of the intermediate 
1 ,5,2-dioxazinane-3,6-diones: 



OH O 



c-CA 






o 
cAo 



V- 



CHjCjH, 



CHjOi reflux or 
molecular neve 20*C 



O-N 

64% 

The conversion of 4-hydroxy-l,3-dioxolanes into 2-oxodioxolanes with CDI via a 
diol is described in reference [110a]: 



Example: 



CH 



o\- OH 

J^— O quant. 



CH 3 MgBr 



CHa 



ur 
OH 



OH 
CH, 



CDI 



70% 



QH 5 x. 

o 



»C^Ha 
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7.1.9 Five- and Six-Membered Rings with S-CO-S, 
S-CS-S, or Se-CS-Se Units 



Insertion of a C=0 or C=S group between two thiol or two selenol functions of a 1,2- or 
1,3-dithiol or diselenol results in formation of the corresponding five- or six-membered 
heterocycles. 



c 



S(So)H CDIarlmCSIm 



S(Se)H 



^ ( ^>C=JT X-O.S 



•S(Sc) 



Examples: 



A 





30% [111] 94% [112] 



97% [112] 



7.1.10 Five- and Six-Membered Rings with S-CS-C 
or N-CO-C Units 

Insertion of a C=S group between a thiol and a CH function of a corresponding thiol (a) 
or of a C=0 group between an amine and a CH function of a corresponding amino 
compound (b) may be achieved in the following ways: 



■>c 



SH(Ag) 
CH 



ImCSIni 



/ \ 



c 



S-C-Im 
CH 



LiN(Si(CH 3 ),) 2 . 
THF 



c 



/ \ 



S-C-Im 
C 



/ \ 



c 



x-s 



c 
/ \ 



Examples: 



OH 



oW* 



S 
C0 2 CH 2 CH=CH 2 

70% [113], see also [114] 



CH, 
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b) C >* ( X=0 

/ \ / \ 

Examples: 

R CH 3 

R = H,CH 3 ;85-96% [115] 98% [115] 

For further examples see reference [116]. 



7.1.11 Special Cases of Syntheses of Five- and 
Six-Membered Rings by Use of CDI and 
A^'-Sulfinyldiimidazole (ImSOIm) 

Heterocycles like l,4,2-dioxazole-5-ones and 3-hydroxy-l,3-oxazolidine-2,4-diones are 
formed from a 2-hydroxycarbohydroxamic acid and CDI in the following reactions^ 1171 



OH 

r'-c-c-nhoh 



CDI 



: ^o R V N - 



£ 2 « CH 2 Cl 2 ,~lmin, HO. 

then 0.5 nHCI ,/ \, O 

R R 



R 1 R 2 



QH 5 C 6 H 5 


91% 


— 


C 6 H 5 c-C 6 H„ 


90% 


— 


C6H5 CH3 


93% 


— 


"(CH 2 ) 6 - 


89% 


— 


C$H 5 CH 2 H 


25% 


38% 


C 6 H 5 H 


— 


63% 



Depending on the substitution of the 3-hydroxycarbohydroxamic acids, 1,4,2-dioxa- 
zole-5-ones, l,3-oxazine-2,4-diones, or 3-ethenyl-l,4,2-dioxazole-5-ones are formed with 
CDI. [118] 
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a R 1 N-O R 1 R 2 R 3 R 4 yield (%) 

«4« c * " ~ <QW, ~ 



-(CHa)j- H H 

CH, Qft H H 



90 
45 
23 



, R l V 



**sJ^C 



R 



lO 



CDI 



.OH 



-(dBafc- H H 



R^oh 



^^^^W CH, CA H 

CHaCfe \ *" »3^ A Q CA CH, H H 



Qft H H H 



35 
42 
88 
37 



N-O 
CH, ° 



Starting with 2-hydroxycarbohydroxamic acids and ImSOIm, 3-alkoxy-l,2,3-oxa- 
thiazolidine-4-one 2-oxides or l-alkoxy-3-arylindoline-2-ones can be obtained depending 
on the substituents at C-2 of the hydroxamic acid: [1191 



R 1 OH 
R 2 ' C ^C-NHOR s vx 




ifR=R =4-CH 3 C 6 H 4 



orC 6 H 5 





OR 3 

O R 3 = CeHjCHj, R 4 = CH 3 ; 62% 
R 3 = C 6 H 5 CH 2 , R 4 ■ H; 63% 



R l 
R 2 f°s 
ifR^R 2 -™, </"N R 3 = C 6 H 5 CH 2 68% 



OR' 



The 3-(l-hydroxyalkyl)-l,4,2-dioxazole-5-ones slowly fragment under imidazole 



assistence 



[117] 



HO. c X o >° 
R»' V 



ImH 



^v O OR 1 

N^n «« hi, 

I N-C-O-NH-C-C-R 2 

^ OH 



-»> R'-C-R' + 



O ^v O 

" 2 N**\. !l 



N-C-NH, 



Carbonylation by CDI of 2-aza-l,3-dienes yields 4-(l#)-pyridones [120] (see also 
Chapter 14): 
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R 1 N R 1 R' N R' R' R 2 Yield (%) 

Y Y -^ ^ YY C«H 5 C 2 H 5 90 

R 2^' ^ R 2 BF 3 -0(C 2 H 5 ) 2 R2 AJk R2 C 6 H 5 n -C 3 H 7 85 

THF, room temp. Jl c-QH,, CH 3 75 



3-Alkoxy(hydroxy)thiazolidine-2,4-diones have been prepared by the reaction 
between two imidazolides: 11211 j 

r2 r' 

H 2NOR 3 -SL^ ^-nHOR' HSaR'^-g-ln, > o^O 

2 2 2 2 QR 3 



R ! R 2 R 3 Yield (%) 

H H C 6 H 5 CH 2 90 

H C 6 H 5 CH 3 65 

CH3 CH3 C5H5CH2 68 



7.2 Heterocycles by Intramolecular Dehydration 
or H 2 S-Elimination 



For further dehydration, for example, of aldoximes and amides to nitriles, of alcohols 
to olefines, as well as the synthesis of heterocycles like oxiranes and aziridines see 
Section 18.5. 



7.2.1 Benzisoxazoles 

2-Hydroxybenzohydroxamic acids and CDI have been used [122] to produce 3-hydroxy- 
1 ,2-benzisoxazoles: 

O 

» OH 



CH 3 Q 42 
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Under different reaction conditions, however, a 3-hydroxy-l,3-benzoxazin-2,4-dione 
is formed [122] (see also six-membered heterocycles containing an N— CO-0 unit, Sec- 
tion 7.1.6): 



R 



O. 



o 

C-NHOH 



CPI (1 eqniv.) 



CH^ room temp. *V^q^O 

R-H t 90%;Ca t 72% 



7.2.2 /^-Lactams 

An interesting application of AT,Af '-sulfonyldiimidazole is illustrated by the synthesis of 
^-lactams from substituted L-serine amides. [123] 



H 

R-N 



^-NI 



OH 
NH 




NiH,DMF 
-40 Q C 



OCH 3 



H 
R-N OSCytai 

J-NH 
O 



OCH3 




H 
R-N 



N 




OGH, 



R«Z,75%;Boc,85% 

In this reaction no epimerization was observed at the 3-position. Ring closure occurs 
in spite of the low nucleophilicity of the NH group of the amide. [123] Another /Mactam 
synthesis involving condensation of arylaldimines with 2-/?-tolylsulfmylacetimidazolide 
is described in reference [124]. 



7.2.3 l,5,7-Triazabicyclo[4.4.0]dec-5-ene 

A l,5,7-triazabicyclo[4.4.0]dec-5-ene containing a bicyclic guanidine system was 
obtained from a 4,4 , -iminobis(butan-2-ylamine) and NJf '-tMocarbonyldiimidazole: [125] 



N H2H 2 Nl 



ImCSIm 



f 

OCH 2 OCH 3 och 2 och 3 



f N N ^ 



OCH^OCH-i OCHUOCH* 



58% 
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7.2.4 2-Oxazolines (4,5-Dihydrooxazoles) 

Reaction of iV-acyl-/?-amino alcohols with o-chlorophenoxyphosphoryldi- 1,2,4- 
triazole (A) or phosphoryltris-l,2,4-triazole (B) leads to a variety of 2-substituted 2- 
oxazolines. [1261 



RCONHCH 5 CH 2 OH 



AorB 



CH 3 CN, pyridine 
quant. 



RCONHCH 2 CH 2 OP 



,?-A 



CI 



NaHCO, 



N- 7 



Cl 



b= (.Of =° 



Reagent 


R 


Yield (%) 


A 


3-oca 


74 


A 


4-CH30CA 


86 


B 


4-NOAH« 


63 


B 


^NH^CiHi 


84 


B 


4-tert-CJK&&t 


85 



2-Oxazolines have also been obtained from aziridines and carboxylic imidazolides 
via N-acylaziridines. [1271 Isomerization of the iV-acylaziridines can be achieved by 
heating with a catalytic amount of tetrabutylammonium iodide or bromide. The trans- 
formation can be carried out as a one-pot reaction in quantitative yield (solvents: THF, 
CHCI3, benzene) with a wide spectrum of substituents R (R = H, alkyl, c-C 6 Hi 1, C 6 H 5 , 3- 
pyridyl). 



QH, 



RCC^H 



^T7 



CA 



CDI 



N 
H 



^7 



N 

c=o 

R 



(C^NI 






A 



7.2.5 Thiazoles 

Thiazoles may be obtained starting from the imidazolides of a-bromocarboxylic acids 
and thiobenzamide, as shown by the following example: tl28] 
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s O Uert -C 4 H9XCH 3 ) 2 SiO 

-2 n 5 ^s^ ^ 6fl5 63% " ^ 2 " 5 "S * Hs 



Br » >-N V-N 

C 2 H,CHCOIm —* *-**» C 2 H 5 -%>X 6 H 5 "TTT; a ^ C 2 H 5 -%^ C 



7.3 Various Other Syntheses of Heterocycles Using 
Azolides 

7.3.1 Thiadi(tri)azoles and Oxathiols 

Ethyl diazoacetate and ImCSIm can be cyclized by a dipolar addition to give the cor- 
responding ethyl 5-imidazolyl-l,2,3-thiadiazole-4-carboxylate: 

, N 2 CHC0 2 C 2 H 5 -^2 rrrf- ' * * ]~\ + ImH 

benzene, room temp., 12 h Im^ ' N 

94% 

With N,N'4hiocarbonyldi-l,2,4-triazole the corresponding ethyl-5-(l,2,4-triazol-l- 
yl)-l,2,3-thiadiazole-4-carboxylate was obtained in 90% yield. [129] However, analogous 
1,3-dipolar reactions in the presence of (C 2 H 5 ) 3 N are reported to yield the isomeric 2-(l- 
imidazolyl)-l,3,44hiadiazoles: tl30L[131] 

MnfI ^ nn ImCSIm ^ N-N 

N,CHC0 5 C,H« > // \\ 

2 2 2 5 (C 2 H 5 ) 3 N, several hours, 20- 80 °C Im^ s >*C0 2 C 2 H 5 

74% 

For corresponding reactions with 2-furyl- and 2-thienyldiazomethylketone see 
reference [131]. An obvious mechanism for the reaction of iV^'-thiocarbonyldiimidazole 
with diazomethane is a 1,3-dipolar addition: tl3 ° 3 

I N-C-N J + CH 2 -N = N > Im-C. ,CH-H ^ Im -< > + ImH 

Im 

With hydrazoic acid or (better) trimethylsilyl azide and ImCSIm, 5-(l-imidazolyl)- 
1,2,3,4-thiatriazole is obtained: [130] ' [132] 

(CHOlWN , in ; csim > rvV N 

33 3 toluene *^/ 

55% 
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Addition of thiophosgene to the reaction mixture of ImCSIm and trimethylsilylazide 
causes the yield to become quantitative. [130] ' [132] In the conversion with trimethylsilyl 
£*zide the required ImCSIm could also be made in situ from trimethylsilylimidazole and 
thiophosgene, giving the thiatriazoles in 70-80% yield. [132] 

Oxathioles are prepared by the reaction of 1-imidazole-AT-cafbodithioate or 1- 
imidazolephenyliminothioate with a-haloketones, as shown below: [133] 

s 
s A 

N **\, A o© -, ® RCOCH 2 Br .^ O S 

W CH,CN/(C 2 H S ) 3 N,25°C >= Bs/ 



Yield (%) 



C 6 H 5 90 (66, without base) 

A-CH^C^{ A 63 

4-CH 3 OC 6 H 4 80 

4-3rQH4 70 

N-C^ 

T^N-C-S*!^ C ^ COCH 2 Br O S 

k/ N C b B K e CHiCN/(C 2 H 5 ) 3 N W 

Oft C 6 M 5 

90% 



7.3.2 Thiacyclohexenes by Diels-Alder Additions 

Diels-Alder reactions of thiocarbonyldi-l,2,4-triazole (A) or thiocarbonyldibenzotriazole 
(B) with 1,3-dienes lead in excellent yield to the expected addition products. [134] 

N N N N 



n-0 9A Wn-* 



CH^CH 2 »^> m temp., 48 h c^A^S j^ N ^ benzene 



99% 



C 6 H 5 



reflux, 62 h 



N^N 




yf N-^ // N-N 



-2-2 N,N ^ ^ 2 ^ 2 

15min «n* ^ 20h 

99% 98% 
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N N // 1 f *> 



o-^c^A 000^06 




reflux, 18 h 00/w ^ reflux 

88% 85% 



7.3.3 Oxazoles and Isoxazoles 

Oxazoles can be prepared from alkylisocyanide carbanions (base: (C 2 H 5 ) 3 N or tert- 
C4H9OK) and azolides, [135] ' [136] as the following examples show: 



r , • c ^ 



NC 

a) R l -CH + R 2 COIm ^ Lr-CH-COR^ > N^O 

8 _>K 



R 1 ' R 2 



R' 


R 2 


Yield (%) 


[135] 


C0 2 CH 3 


C0 2 CH 3 


89 




CO2C2H5 


H 


74 




C0 2 CH 3 


IS0-C 3 H 7 


75 




C0 2 CH 3 


p-N0 2 C 6 H 4 


92 





NC OO 

11 11 



C0 2 CH 3 

b) CH 3 2 CCH + Im-C-C-Im >> H \^ \ 

CH 3 2 C 

81% [135] 



,-*^ 



C0 2 CH 3 

9 ^N ' 



11 



-^ rvry 



c) NO + Im-C-C0 2 CH 3 *► o^/"* J 

CH,0,C CHNC C0 2 CH 3 

e 

81% [135] 



NC O /— O CH 3 2 C COjCHj 



-s-O?- 



d) CH,0 2 CCH + Im-C— <! \- C-Im >• N/ 




AA 



' 2 ~ \ / - - - "V^ \-/ J^' 

75% [135] 
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^ O ^_ O N A ON %„0 A NO A N 

e) N ' O + Im-C— f V-C-Im > CH 3 2 C ^-^ W/ / \ Vnr/ U/ C0 2 CH 3 

CH,0 2 C CHNC 

8 77% [135] 

N%N%0 A N0^N 

N' + Im-C-C-Im ^ C 2 H 5 Q 2 C ^~ ^ ^~ f ^~ l ^~ l C0 2 C 2 H 5 

) smm ( 
C 2 H 5 2 C CHNC 88% [135] 

e 



O NC -5JN, 

II I 



g) (C 2 H 5 ) 2 P-CH + RCOIm >- \_/ 



N O R Yield (%) [136 ] 
CH 3 68 



< C ^ P -° R C.H, 82 



A different synthesis of oxazoles based on azolides is the flash- vacuum pyrolysis of 
1,2,4-triazolides, which includes a shift of the acyl group and elimination of nitrogen: [137] 



C 6 H 5 90 

CH 3 OCO 60 



The synthesis of isoxazoles by use of azolides is illustrated by the following example 
of 3,4-diphenyl-5-methylisoxazoles, prepared by conversion of the deoxybenzoin oximes 
with JV-acetylimidazole with the aid of butyllithium: [1381 



bdi 



R _^yc-cH 2 -(3-R 2CH > coim > W)-' \ — ^^ 

\h V^ch, ch ? o " 

Isomeric 3,5-disubstituted isoxazoles can be prepared from vinylogous azolides and 
hydroxylamine hydrochloride^ 139 ^ In this reaction the ratio of the two isomers A and B 
formed can be controlled by the nature of the base: 



rN 
N > 

R .A^ R 2 basc R ! AAr 2 + R l A^R 2 



N NB>OH -HC1 w O-N N-O 

R i^A 

A B 
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R l 


R 2 


Base 


Yield (%) 


Ratio A / B 


C 3 H 7 


CH 3 


none 


98 


14:86 






K 2 C0 3 


87 


77 : 23 






(C 2 H 5 ) 3 N 


85 


75:25 






2 NaOCH 3 


92 


14:86 


CH 3 


C 3 H 7 


none 


50 


20:80 






K 2 C0 3 


70 


58:42 






(C 2 H 5 ) 3 N 


50 


78:22 






2 NaOCH 3 


98 


7:93 


QH 5 


CH 3 


none 


55 


52 : 48 






K 2 C0 3 


63 


82: 18 






(C 2 H 5 ) 3 N 


65 


91 : 9 






2NaOCH 3 


57 


23:77 



3-Hydroxyisoxazoles were prepared by reaction of a vinylogous imidazole carboxy- 
late with hydroxylamine hydrochloride and sodium methoxide: [140] 



,-^. 



CJi, 



N" N-C=CH-C-OCH 3 

w 



NH 2 OH*Ha/CH 3 QNa 
CH 3 OH, reflux, 3 h 



O-N 



60% 



7.3.4 Oxadiazoles 



1,3,4-Oxadiazoles 



Tetrazolides are excellent starting materials for the synthesis of 1,3,4-oxadiazoles, as the 
following examples demonstrate. 

Reaction of a perfluoroalkyltetrazole and a perfluoroacyl chloride yields, via a tetra- 
zolide and under elimination of nitrogen, the corresponding substituted oxadiazole: [141] 



N-N 



C 2 F 5 -V> Na ' 



RCOC1 

25 °C 



C.F, 



N-N 
5 N^ 



O 

ii 

X-R 



■N 2 . 
80%" 



C,F, 



N-N 

*< >-R 

O R 



R=CF 3 ,C 2 F« 



3» ^2 r 5 
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A more versatile approach is the thermolysis of tetrazolides, which leads to 
oxadiazoles in excellent yield: [142 ^' [143] 



. -N and 

N 
i 


N=N 


O 

n 

-C-R - 




N-N 
"N 2 // \\ 


100 


°C, 1 h ^ C 6 H 5 


- -R 


c=o 

i 
R 


















R 


Yield (%) 










C 6 H 5 


95 










p-CH 3 C 6 H 4 


98 










p-N0 2 C 6 H 4 


91 










p-BrC 6 H 4 


95-99 










0-BrC 6 H 4 


95 










o-ClC fi H 4 


95 


C 6 H 5 

N 


-N 2 




N-N 
C 6 H 5 0^ ^C 6 H 5 




120°C,DMF 




c=o 

QH 5 








85% [144],[142; 


I 



Semiempirical calculations have been carried out for the transformation of N-acyl- 
tetrazoles into l,3,4-oxadiazoles. [144a] 



1,2,4-Oxadiazoles 

1,2,4-Oxadiazoles are synthesized by the reaction of an amidoxime with the imidazolide 
of a carboxylic acid. 

N 1CDI N 



84% [145] 




NOH 

NH2 ImCO«<] 



N^ 1 
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NOH C 3 H 7 C0 2 H, CDI j~9 

p-CH 3 C 6 H 4 A NH 2 -p-CH 3 C 6 H 4 ^ I /-C3H 7 

57% [145a] 



7.3.5 Hydantoins 

A hydantoin structure can be built by the reaction of a primary amine with CDI to an 
isocyanate (Section 8.1), followed by conversion with an amino acid: [146] 



(CH 3 ) 2 N(CH 2 ) 2 NH 2 CDI > [(CH 3 ) 2 N(CH 2 ) 2 NCo] ^\ J^^f " 



C0 2 H 
NH 



JJ > 




ITJL i N(CH 2 ) 2 N(CH 3 ) 2 
H O 



40% 



Another method for the synthesis of hydantoins is the cyclization of Af-(l-benzo- 
triazolylcarbonyl)phenylalanine butylamide. [147] 




N 



H ° 

C 6 H 5 -V"^ 
— >• ^ N-QHc, 



vt' q o acetone, Na 2 C0 3 , 15 min *^*"V 

CONHCHCONHC 4 H 9 ° 

78% 

The reaction can also be accomplished by heating the substituted benzotriazolide in 

xylene. [148] 



7.3.6 Thiazolidindiones 

Using azolides, thiazolidindiones can be prepared by condensation of alkoxy- 
carbamoylimidazoles obtained in situ from O-alkylhydroxylamines and CDI with thio- 
glycolic acid methyl ester or the imidazolide of thiolactic acid obtained in situ from 
thiolactic acid and CDI: tl21] 
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Im-C-NH-OCHAHs 



HSCH 2 CQ 2 C H 



CH 2 Cl 2 ,3d V* N ^ 

q OCH 2 C 6 H 5 



90% 



L HSCH(CH 3 )COIm Hy S "f' 

CH 2 Cl 2 ,24h CH 3 *y.N N 

q OCH 2 C6H 5 



73% 



7.3.7 Triazepines 

Interesting triazepine derivatives have been prepared from silaheterocycles with CDI or 
ImCSIm. For the conversions via the various routes with about 70% yields were 
reported. [149] 



C 6 H 5 CH 2 NHH (CH a ) 2 - NHCH 2 C 6 H 5 



(CH 3 ) 2 Si(NCO) 2 



(CH 3 ) 2 Si(NCS) 2 



(qH 2 ) 2 Si(CH 3 ) 2 
C 6 H 5 CH/ J 



ImCSIm 



CDI 



C 6 H 5 CH 2 , O 
C 6 H 5 CH 2 ' O 



C 6 H 5 CH 2N J^ 

(qH 2 ) 2 ; Si(CH 3 ) 2 
C 6 H 5 CH 2 ' J 



ImCSIm 




C 6 H 5 CH 2X S C 6 H 5 CH 2X S 

(C x H 2 ) 2 NH (CH 2 ) 2 NH 

C 6 H 5 CH 2 O C 6 H 5 CH 2 ' S 



Analogous reactions are reported for the synthesis of urazoles (1,2,4-triazacyclo- 
pentandione-3,5), monothiouracoles, and dithiouracoles. [149] 



7.3.8 Deazaflavines 



Reactions of anilinouracils and CDI lead to 5-deazaflavins, as shown in the following 
scheme: [150] 
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CH 3 H CH 3 CH 3 



1 N > 



,N V O O O 



26% 66% 

With a threefold excess of CDI the yield of the 5-imidazolyldeazaflavin can be 
enhanced to 80%. The following mechanism has been suggested for these reactions: 11501 

CH 3 H CH 3 H CH 3 H 



V V N -CH 3 '** ^cV^CH 3 ^XV^CH 3 

>l r ~~ 

1 



Im 



O ° L O IOI Im O 

e 

CDL 



CH 3 CH 3 H 




CH, 



» o CH, <?V5 "■ LI J 



1> 



o=c 

i 
Im 




N ^CH, 



o o 



In analogy to this reaction, a substituted anilinouracil with CDI in trifluoroacetic acid 
was shown to yield the 5-deazaflavin with a trifluoromethyl group in the 5-position: [151] 



9^5 jj C 2 H 5 

icn^^^n u yQ cdi/cf,co,h (Ch,) 2 n^^n n^o 

O CF 3 O 

51% 



7.3.9 s-Triazolo[4,3-aJ [l,4]benzodiazepine 

2-Hydrazino-l,4-benzodiazepine and formic acid 2-methylimidazolide, prepared from 
N,Af'-carbonylbis(2-methylimidazole), yield an interesting triazolobenzodiazepine in 
excellent yield. [152] 
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CH, CH, 



NHNH 




l N-C-N J /HC0 2 H 




QH 5 



This reaction was also carried out with 14 C-labeled formic acid, leading to the 
radiochemically labeled s-triazolo^^-^ICMlbenzcKiiazepine (58% yield). 1 ' 1531 



7.3.10 Imidazo[l,2-a]pyridines and Pyrido[l,2-a]benzimidazoles 

Imidazo[l,2-a]pyridines are formed by condensation of Af-arylacetylimidazoles with 
dimethyl acetylenedicarboxylate: [154H156] 

JL> CO R 2 

CH 3 CN,60°C p.R'c^'V^CO^ ^ C0 2 R* 

C0 2 R 2 

by-product 



R l 


R 2 Yield (%) 


H 


CH 3 64 


H 


tert'CJ&t 61 


OCH 3 


CH 3 89 


NO Z 


CH 3 11 



The crystal structure of the compound with R 1 = H, R 2 = CH 3 [155] was determined by 
X-ray crystallography. A mechanism for this reaction has been proposed. [155] 

Products from the reaction of N-propionylimidazole with di-terf-butyl acetylene- 
dicarboxylate at room temperature have a somewhat different structured 1571 



« ^-^ « CjHcCOIm 
R-C=OR — rrt 



CH 3 CN, room temp. , v 



H R 

R r\ 


R' 


SJrR 
1 H 
R 




14% 


R: 


= terNC 4 H 9 OCO 



C 2 H s ^O 



♦ 'M> 



R 

H 



10% 
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For the mechanism of this reaction see reference [157]. 

A similar reaction of 1-arylacetylbenzimidazoles with dimethyl acetylenedicarboxy- 
late leads to pyrido[l,2-a]benzimidazoles: 




N 

I > 

N 



rO^ 



COCH 2 

CH,0 2 C-C=C-C0 2 CH 3 ^„ ^ T „ Q ^ s >- ft^^Y ^f^C0 2 CH 3 

CH 3 CN,82°C J^ J ^h 

R 




2^"3 



R = H, 8%; OCH 3 , 6% 

Although the yields are only moderate, this method provides easy access to the 
pyrido[l,2-a]benzimidazole framework in a one-pot reaction. tl55] 



7.3.11 7tf-Pyrrolo[l,2-a]imidazoles and 

Imidazo[l ,2 : l,2]pyrrolo[2,3-6]furans 

By condensation of 1-acetylimidazole or l-(l-pentin-4-oyl)imidazole with dimethyla- 
cetyl-enedicarboxylate at higher temperature, 7i/-pyrrolo[l,2-a]imidazoles are formed 
along with dimethyl(imidazol-l-yl)fumarate: [l58] ' [157] 

N-a 

RCOIm O *A > N^\ ?° 2CH3 

CH,0 2 C-C=C-C0 2 CH 3 g „ ^<^> « " ^K N + I N-C=CH 

32 2 3 toluene, 50 - 60 °C R-OO \_/ ^/ ' 

>— < C0 2 CH 3 

CH 3 2 C C0 2 CH 3 

R = CH 3 , 19%; by-product 

HC=C(CH 2 ) 2 , 32% 

A crystal structure is available for the compound with R = HC=C(CH 2 )2, and a 
mechanism was also proposed. On changing the reaction conditions (CH 3 CN, 82°C) and 
using Af-propionylimidazole, a tricyclic imidazo[l',2' : l,2]pyrrolo[2,3-6]fiiran was 
obtained in a diastereoselective spirocyclization reaction: [l59] ' [l57] 

O 
H 

CH 3 2 C-CEC-C0 2 CH 3 ^ffi^? 1 ™ ^ > CH 3 2 C--^ — ' ^ 

2 2 3 CH 2 CN,82°C j 
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Here, too, a crystal structure was solved, and a mechanism for the reaction has been 
proposed. 

A similar spirobicyclization was observed in the reaction of iV-acylbenzimidazoles 
with dimethyl acetylenedicarboxylate: [159] 



N 

II > o 



oo 



COCH3 r^V-N, UC0 2 CH 3 

CH 3 2 C-C=C-C0 2 CH 3 ^„ ^ XT „ Q ^ > 
32 2 3 CH 2 CN,82°C 



01 



CH 3 2 C-CH=C CH 3 

C0 2 CH 3 

13% 

The reaction of N-acylimidazole with dimethyl acetylenedicarboxylate in acetonitrile 
at 25 °C provided (2-imidazolyl)maleates and, as by-product, dimethyl(imidazol-l-yl)- 
fiimarate: [157] 

R^o N r^o N . 



C0 2 CH 3 



CK A c- M c-co,a,, ^ ^J^X} ^J^X} . 0-g£' 

250C CH 3 2 C T CH 3 2 C I C-' 

H 

R = C 2 H 5 13% 16% by-product 

R = iso-C 4 U 9 34% 25% 

A mechanism for the reaction was proposed. [157] 
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8 Synthesis of Isocyanates, Isothiocyanates, 
Aminoisocyanates, Aminoisothiocyanates, 
and /V-Sulfinylamines 



8.1 Isocyanates and Isothiocyanates 



When JVyV'-carbonyldiimidazole (CDI) is reacted with a primary amine in a 1 : 1 molar 
ratio, the product is an imidazole-iV-carboxamide. However, these compounds dissociate 
in solution into isocyanates and imidazole even at room temperature, [1] forming a rapidly 
equilibrating system. Because of this equilibrium, primary imidazole-JV-carboxamides 
can also be prepared from isocyanates and imidazole. 

Analogous to the synthesis of isocyanates, isothiocyanates are obtained in good yield 
by reacting AyV'-thiocarbonyldiimidazole (ImCSIm) with primary aliphatic or aromatic 
amines in equimolar amount. In chloroform at room temperature the dissociation equi- 
librium of imidazole-JV-thiocarboxamides is shifted completely to isocyanates. [2] 



RNH 2 



X 

ii 

Im-C-Im 
- ImH,THF 



X 
RNH-C-Im 



RNCX + ImH 
X = 0,S 



Im— C— Im Primary amine 



RNCX 



Yield (%) Ref. 



CDI 


C 4 H9NH 2 


C^gNCO 


57 


[1] 


ImCSIm 


QHgNHz 


C^sNCS 


77 


[2] 


CDI 


c-C 6 H n NH 2 


c-C 6 H u NCO 


83 


Hl[3] 


ImCSIm 


c-C 6 H n NH 2 


c-C 6 H n NCS 


72 


[2] 


CDI 


C 6 H 5 NH 2 


C 6 H 5 NCO 


63 


[1] 


ImCSIm 


C 6 H 5 NH 2 


C 6 H 5 NCS 


78 


[2] 


ImCSIm 


2,4-(CH 3 0) 2 C 6 H 3 CH 2 NH 2 


2,4-(CH 3 0) 2 C 6 H 3 CH 2 NCS 


60 


[4] 


ImCSIm 


H 5 C 2 2 C-(CH 2 ) 3 -NH 2 


H 5 C 2 2 C-(CH 2 ) 3 -NCS 


98 


[5] 


ImCSIm 


CH 2 =CH-CH 2 NH 2 


CH 2 =CH-CH 2 NCS 


43 


[6] 



From the intensity of the very characteristic IR-band at 2250 cm l for the N=C=0 
group it was found that the imidazole-JV-carboxanilide in chloroform is dissociated to the 



274 8 Synthesis of Isocyanates and Analoga 

extent of 16.1% at 20 °C and 36.7% at 45 °C. [7] The corresponding reaction enthalpy AH 
was determined to be 14.5 ±0.5 kcal/mol. A similar equilibrium exists for benzimida- 
zole-JV-carboxanilide in chloroform, with a dissociation of 14.0% at 20 °C and 36.8% at 
50 °C, AH being 13.5 ±0.5 kcal/mol. This dissociation forms the basis for a simple 
method of preparing isocyanates from aliphatic, alicyclic, and aromatic amines. One 
mole of amine is added dropwise at room temperature to a solution of one mole of CDI in 
THF or CH 2 C1 2 . Distillation of the mixture then produces the pure isocyanate in good 
yield. [1] Because of their great tendency to dissociate, imidazole-AT-carboxamides 
represent a type of masked isocyanate. Solutions thereof behave almost like isocyanates, 
even at room temperature. In the solid state, however, imidazole-JV-carboxamides are 
crystalline, stable compounds that are easy to handle (see also Chapter 4.6). 

If Af,W-carbonyldi-l,2,4-triazole or Af,W-carbonyldibenzimidazole is used for the 
synthesis of isocyanates instead of CDI, the yields are lower. [1] ' [3] For the synthesis of 
isocyanates and isothiocyanates according to this method see also references [8] and [9]. 

The ImCSIm-method has been used, for instance, in the synthesis of isothiocyanates 
containing steroid, sugar, and alkaloid components: 



SCN(CH 2 ) 6 




oh OH 
ho-*—- "^i 



K> 



NCS 



50% [10] 



83% [11] 




H ^9 CH 2 
-< 

H l.LiAlH 4 £H 3 

2.ImCSIm _ 3 



"N, 



H £ CH, 



NCS 




H,C 




[12] 



In analogy to imidazole-JV-thiocarboxamides, the corresponding pyrazolides have 
also been introduced for the synthesis of isothiocyanates. [13] JV-methylthiocarba- 
moylpyrazoles, see next page, are obtained from JV-methylisothiocyanate and pyrazoles 
by gentle heating. If the two hydrogens of the thiocarbamoyl group in thiocarba- 
moylpyrazoles are substituted, no elimination of a thiocyanate is possible. These com- 
pounds are then thermostable. 



r, v n ^ s 


8.1 Isocyanates and Isothiocyanates 

R V N s 
* CH 3 NCS + V NH 

R \ 
R 2 


1 N-r-MHrH 3 < * 

R 3 ^ 2 
R 2 


T(°C) 


R 1 


R 2 


R 3 


135-140 

135-140 
185-190 
185-190 


CH 3 

CH 3 
CH 3 
H 


CH 3 

CH 3 

H 

H 


(CH 2 ) 2 -C-CH 3 

N-NHCSNHCH 3 
(CH 2 ) 2 COCH 3 
H 
H 
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On short heating thiocarbamoylpyrazoles yield quantitatively the corresponding 
thiocyanate salts. Highly substituted thiocarbamoylpyrazoles such as 3,5-dimethyl- 
1-thiocarbamoylpyrazole undergo^ this transformation in solution even at room 
temperature. [13] 

H 



T N-C-NH* «r > I NH 



Y* N-C-NHj ^ -» I NH NCS 



ttS^ 8 ^ 



T(°Q R 1 R 2 R» 



JS 



95-100° CH 3 CH 3 (CHafc-C-CH* 



it 



N-NHCSNHCH 3 
85-100° CH 3 CH 3 H 
100° Ob Oi, (GH^COGH, 

155-160° H H H 



With a stronger base such as cyclohexylamine the pyrazolethiocyanate salts are 
converted into cyclohexylammonium salts: [13] 



*Y\ I mh c-C 6 H,,NH 2 . /"V ® CH3 V N s 

V NH * benLne, reflux > \_> NH> ^ + W 






3 82% CH3 



1-Carbamoylpyrazoles are significantly more thermostable than their sulfur analo- 
gues. They decompose quantitatively only at high temperatures and long reaction times 
into a pyrazole and cyanic acid, which trimerizes into cyanuric acid: tl3] 
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t*\ ° R v N s 






C-NH 2 >> U^/™ + HNCO 



R' 



i 

(HNCO) 3 



T(° 


C) 


185 


-190 


185 


-190 


195 


-200 



R 1 


R 2 


H 


CH 3 


CH 3 


CH 3 


H 


H 



Prompted by the dissociation of imidazole-AT-carboxamides into isocyanates, the 
preparation of alkoxyisocyanates (i.e. representatives of the hitherto unknown mono- 
ximes of carbon dioxide) was attempted. [14] ' [15] However, when AT-benzyloxycarba- 
moylimidazole (ImCONHOCH 2 C 6 H 5 ) was heated, the corresponding trialk- 
oxyisocyanuric acid was formed by trimerization of OCNOR. t143 



O 

CDI ' ImH ro -m^m- or 

H 2 NOR _ ImH > ImCONHOR < * [oCNOr] ^ j* ? 

+ ImH O^n O 

R = C 6 H 5 CH 2 OR 



It is very probable that aminolysis of ImCONHOCH 2 C 6 H 5 , which, for example, gave 
a iV-benzyloxyurea with cyclohexylamine in a few minutes at room temperature, pro- 
ceded through the stage of OCNOR. These results suggest that compounds of the type 
OCNOR can in fact be formed, but their tendency to trimerize is apparently too great that 
direct detection is possible. 

Conversion of #-alkoxy amines with ImCSIm at room temperature in ether produced, 
instead of Af-alkoxythiocarbamoylimidazoles, the corresponding zwitterionic com- 
pounds:™ 161 



H 2 NOR >> N/ N-C HN' NH T~^ HN^N-C 



R 


Yield (%) 


Ref. 


C 6 H 5 CH2 


73 


[2] 


CH 3 


quant. 


[16] 


C4H9 


85 


[16] 


C 2 H ? 


60-70 


[16] 
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Dissociation of the product with R = C 6 H 5 CH 2 into the corresponding isothiocyanate 
could not be achieved. Upon treatment with cyclohexylamine instead of a thiourea, the 
cyclohexylammonium salt was obtained. [2] 



8.2 Aminoisocyanates and Aminoisothiocyanates 



Attempts have been made to prepare aminoisocyanates from suitable hydrazidocarbo- 
nylimidazoles. However, because of the high reactivity of the expected product, a 
dimerization occurred instead, as illustrated by the thermolysis of imidazole-JV-carboxylic 
acid (l,l-pentamethylene)hydrazide. t17 ^ 

O 

( N-NHCOIm > 



CJ \ A / \ 
N-NCO —^ ( N-N N-N > 



However, AT-isothiocyanatoamines could be prepared as a result of thermolysis of 
thiocarbazoylimidazoles under high vacuum. [18H20] The reaction was found to be 
reversible in solution. [20i 



-» 



(W0-C 3 H 7 ) 2 N-NH-C-Im ^Z__3. (w<?-C 3 H 7 ) 2 N-NCS + ImH 

70-90% 

Thermolysis of A^V-diphenylthiocarbazoyl-l,2,4-triazole in vacuo led only to the 
rearranged product JV-isothiocyanatodiphenylamine. [21] 

SCN 
C W -NHN( C6 H 5 ) 2 . ^ olc > [(C 6 H 5 ) 2 NNCS] ^ (1/ """O 



8.3 /V-Sulfinylamines 



AT-Sulfinylamines have been prepared from imidazolides by two methods. [221 
Method A: Reaction of amines with iV^V'-sulfinyldiimidazole. 

RNH 2 Il " S ^ Im > ImSONHR T „ > RNSO R Yield (%) 

- ImH - ImH „ „ „„ 

C 6 H 3 73 

P-CH3QH4 72 

P-CIQH4 69 
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Method B: Reaction of an amine with N-chlorosulfinylimidazole, which is formed 
from iVyV'-sulfinyldiimidazole and SOCl 2 . Using this method, iV-sulfinylamines are 
obtained in good yield at 20 °C. [22] 



jnjsoo ^ ^ Yi^(%) 

-HlmH^Cl <** „ 8 > 

P-CH3OQH4 86 

p-N0 2 C 6 H4 80 

c-C 6 H u 77 

tert -C 4 H9 63 

/>-CH 3 QH 4 S0 2 86 



Generally, method B is superior to method A, because the imidazolium chloride 
formed in the reaction can easily be removed by filtration, in contrast to the imidazole 
formed in method A. 

If iV-sulfinyl-/7-toluenesulfonamide is prepared from /7-toluenesulfonamide by using 
SOCl 2 only, the yield turns out to be low even after heating the reaction mixture 
(refluxing benzene) for five days. By method B, however, the yield is high after only one 
hour at 20 °C in dichloromethane. 
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9 Reactions of Imino Analogues of Azolides 



The preparation of the imino analogues of Af,Af'-carbonyldiimidazole has been dealt with 
above (see Chapter 2). Here we consider certain reactions of such carbiminobisazoles 
(iminocarbonylbisazoles) and also of other carbiminoazoles (iminocarbonylazoles) 
leading to iminoesters, cyanamides, amidines, aldimines, enamines, and guanidines. 
The results are very similar to those experienced with the corresponding carbonyl 
compounds, thus widening further the scope of azolide reactions as the following 
examples show: 



/C 6 H 5 



NaOC 2 H 5 
C,H<OH 



^ H 5 C 2 0-C-OC 2 H 5 81% [1] 



NH 






^ 



2RO 



/ROH.THF 



N^ B 



\r 2 nh 



THF 



NH 
RO-C-OR 



-^ R,N-C = N 



NaOC 2 H s 
C 2 H 5 OH 



C.H.O-C-R 1 



R 


Yield (%) [2] 


C 2 H 5 
/1-C3H7 


73 
81 




R 


Yield (%) [2] 


C 2 H 5 70 
CH 2 =CHCH 2 79 




R 1 


R 2 Yield (%) [1] 


C 6 H 5 
QH 5 
CH 3 
C 6 H 5 CH*CH 


CH 3 53 
C 6 H 5 83 
C 6 H 5 83 
C 6 H 5 80 



tert -C 4 H 9 
W N-CH 



tt-C 4 H 9 OH 
100 °C, 14 h 



tert -C 4 H 9 
N 
->* n-C^O-CH 



quant. [3] 



The formimidoyl group can be transferred onto either amines, alcohols or CH-active 
compounds without use of a catalyst, providing amidines or aldimines and enamines, 
respectively: t3] 
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|>H 



>* PN-CH=N-terf-C 4 H 9 



yield (%) 
quant. 



tert-C A H 9 ^"^ 2 ^ C 6 H 5 NH-CH=N-terf-C 4 H 9 94 



N^\, \„ . ^COCH 



I N-CH H 2 CC 3 ^O 

W ^ 2 ^COCH 3 ^ CH 3 -C 



» _/ "C=CH-NH-^rr-C 4 H 9 64 

H 2 C ^ CN NC 
£► ^C=CH-NH-terf-C 4 H 9 69 



Compounds of the latter type can also be prepared from corresponding isocyanides 
and active methylene compounds in the presence of catalytic amounts of imidazole 
and AgCl. A l-(JV-alkyliminoformyl)imidazole (Im-CH=NR) is formed in this case as 
intermediate: 133 



O 

oll VT ^ ¥¥ _,COCH 3 ImH,AgCl _ H 3 C-C^ 
c-C 6 H l|N C + H 2 C. C()CH 120 o C> ? 13h > H c _ c .C=CH-NH-c-C 6 H u 

° 64% 



Primary amines with various complex groups R can be transformed (amidinylation) 
into guanidine derivatives by reaction with 3,5-dimethylpyrazole-l-carboxamidinium 
nitrate in the presence of a tertiary amine such as diisopropylethyl- or triethylamine in 
THF or DMF; [4H6] see also reference [7]. 



RNHa + TjN-C-NH 2 NO, e > RNH-C-NH,, 

CH 3 

R- HOjC-CH-O^-ii-CA- R- (CHa),- R- Hj c v 

NH Z-Trp-CaHa-CH-COjH 

Boc "<T 

81% [4] 64% [5] 75% [6] 



Very similar reactions have been described using unsubstituted pyrazole-1-carbox- 
amidinium chloride. [8] 
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N, NH 




NH 
R'^N-C-NHj -HC1 






r'r 2 nh 


Yield (%)• 


IN-C — INH2 'riL-I 




^/ 






cyclohexylamine 


84 








piperidine 


71 








2-ethanolamine 


88 








glycine 


77 








4-methoxyaniline 


60 



Pyraz6le-l-carboxamidine has been used successfully in the solid-phase peptide 
synthesis for converting ornithine-containing peptides into the corresponding arginine 
peptides. [8] 

Also AT,AT'-bisprotected pyrazole-1-carboxamidines are applied for preparation of 
guanidines. [9],[9a] A variation of this reaction permitted the copper salt of ornithine to be 
converted to the copper salt of arginine: [10] 

N 



Cu(Om) 2 -CuCl 2 + iTjN-Ct 



NR 




R 

Boc 

Z 


Yield (%) 
91 
89 


NHR 


> Cu [AW(R) 2 Aig] 2 



The bisprotected pyrazole-1-carboxamidines referred to above were obtained in the 
following way: [9] 



(Boc^O 



ex. fZT: o 



■c 



NR R Yield (%) 



^ \tmrwiH. ^ ^ NHR Boc 76 

Z 77 



\ C1CQ 2 CH 2 C 6 H S / 



The recently prepared benzotriazole-1-carboxamidinium tosylate represents a con- 
venient reagent for conversion of amines to guanidines in moderate to good yields. The 
presence of the benzotriazole moiety causes the compound to be more reactive than 
pyrazole-1-carboxamidinium hydrochloride:^ 13 



R, ^v T - R 



0_N sr- \ R'R 2 NH ^ ^N" ^ _/~"\_e^e 



H 2 N^NH 2 



Amine 


Guanidine 




yield (%) 


dimethylamine 


69 


piperidine 


84 


pyrrolidine 


71 


morpholine 


86 


hexylamine 


67 


p -methoxyaniline 


68 



The reaction could also be carried out in CH 3 CN or in the absence of solvent. 
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10 Syntheses of Sulfonates, Sulfinates, 
Sulfonamides, Sulfoxylates, Sulfones, 
Sulfoxides, Sulfites, Sulfates, and Sulfanes 



10.1 Sulfonates and Sulfinates 

Sulfonic Esters (Sulfonates) 

The lmidazohdes of aromatic sulfonic acids can be obtained in the following ways 

1 By reaction of the appropriate aromatic sulfonic acid hahde or anhydride with 
imidazole [1] Toluenesulfonic lmidazohde was obtained from toluenesulfonic anhydride 
in very good yield [2] 

R-f VS0 2 X + ^N* 1 ^ R \ /-S0 2 lm 



R 


X 


Yield (%) 


Ref 


CH 3 


CI 


99 


[11 


H 


CI 


97 


[1] 


C 6 H 5 N=N- 


CI 


98 


[1] 


NH 2 


F 


69 


[2] 



2 From an aromatic sulfomc acid and A^'-carbonyldiimidazole (CDI), NJf 'sul- 
finyldnmidazole (ImSOIm), or ATJV'-sulfonyldiimidazole (ImS0 2 Im) While heatmg is 
necessary in the reaction with CDI or ImS0 2 Im, room temperature is sufficient in the 
reaction with the more reactive ImSOIm 



'"•O* H3==rar <*<>«*- * "C™ <*<> 



61% [3] 
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X "X V" S °3 H 



CDI 



\ — / THF, reflux or melt (90 



xf^ R -^3" s ° 2im 



R Yield (%) [1] 

CH 3 51 ,77 (melt) 
H 65 



CH 3 



HN^ 



,N-S0 2 



S0 3 H + ImSOjIm 
A 

THF 
reflux 



KT ^NH 

" N vJ 



ImH 



90 °C, 87% 



2 CH 3 -^^-S0 3 € 



ImH 



130- 140 °C, 61% 




CH 



-O- 



S0 2 lm 



[3] 



Imidazolides of aromatic sulfonic acids react much more slowly in alcoholysis 
reactions than the carboxylic acid imidazolides. Although the reaction with phenols is 
quantitative when a melt is heated to 100 °C for several hours, with alcohols under these 
conditions only very slight alcoholysis is observed. In the presence of 0.05 equivalents 
(catalytic amount) of sodium ethoxide, imidazole sodium, 01^ NaNH 2 , however, imida- 
zolides of sulfonic acids react with alcohols almost quantitatively and exothermically at 
room temperature in a very short time to form sulfonic acid esters (sulfonates). ( If the 
ratio of sulfonic acid imidazolide to alcoholate is 1 : 2, ethers are formed; see Chapter 17). 
The mechanism of catalysis by base corresponds to that operative in the synthesis of 
carboxylic esters by the imidazolide method. Because of the more pronounced nucleo- 
philic character of alkoxide ions, sulfonates can also be prepared in good yield by 
alcoholysis of their imidazolides in the presence of hydroxide ions; i.e., with alcoholic 
sodium hydroxide. [4] Examples of syntheses of sulfonates are presented below. 



•o 



SO,Im 



R'OH 



»'-0 



SO.OR" 



Reaction in the melt, 100 °C 
(without catalyst). 



Yield (%) Ref. 



H C 6 H 5 90 [1] 

CH 3 C 6 H 5 97 [1] 

CH 3 p-NQ 2 C 6 H 4 78 [1] 



Reaction with basic catalyst at room temperature 



R 1 



Catalyst Yield (%) Ref. 



CH 3 


CH 3 


CH 3 ONa 


70 


[1] 


CH 3 


CA 


C 2 H 5 ONa 


84 


[1] 


CH 3 


C 2 H 5 


ImNa 


74 


[1] 


CH 3 


C 2 H 5 


lNNaOH 


82 


[1] 


p-C 6 H 5 N=N- 


C 2 H 5 


C 2 H 5 OH 


91 


[1] 


CH 3 


oC 6 H n 


NaNH 2 


72 


[2] 


NH 2 


C 2 H 5 


C 2 H 5 ONa 


76 


[1] 


H 


C 6 H 5 


C 6 H 5 ONa 


93 


[1] 


CH 3 


PA 


C 6 H s ONa 


97 


[1] 
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The mild conditions of the base-catalyzed sulfonate synthesis are particularly 
apparent in the case of two reactions in which the reacting OH groups are present in an 
azetidinone system:* 5 * 

HO p-CH,C 6 H 4 SO,0_ ^ . . 

CH > r-f^OSKCHj^/t-CA ^"ffl^ 1 " 1 > CH 3 A j— r^OSKCH,), -ttrt-CA 

^-N DMF,NaH,75% j^ 

V C 6 H 4 -p-OCH 3 C 6 H4-p -OCH3 

C 6 H 5 COIm 
NaH 



QH 5 CC> 2 1. NH4HC0 2 / Pd / C ^"^ OSQAft-p-CH, 

CH, YJ^ScH^^-CA 2. P -CH3C 6 H 4 SO ? lm > CH 3 A H-OSi(CH 3 ) 2 -^-C 4 H 9 

0*~ N v ° *C 6 H 4 -„-OCH 3 

QH^-OCH, 

A silyl-protected alcohol can be converted into the corresponding sulfonate by 
treating with p-toluenesulfonylimidazole and tetrabutylammonium fluoride: [6] 

(CH 2 ) 3 OSi(C 6 H 5 ) 2 -rer/-C 4 H 9 fCH^OSOAHrP-CHs 

Q ^ p-CH,QH,SO,Im / (QH») 4 NF > Q ^ 

CH^OSOAHrP-Cfy O^OSOzCA-P-CHs 

For conversion of the more reactive l-arylsulfonyl-3-methylimidazolium triflate 
(trifluoromethane sulfonate) with alcohols or phenols, no base is required: [7] 



CH © 

O-^-O"*' CF,so?oq s "O-^-O-* 1 - sSa * r2os °>-0- r ' 



CF 3 SCV 

In this reaction the l-arylsulfonyl-3-methylimidazolium triflate was prepared in situ. 
Table 10-1 reveals the broad scope of this reaction. 

Table 10-1. Arylsulfonates from l-arylsulfonyl-3-mcthylimidazolium triflate. 



Alcohol/phenol (R 2 OH) 


Arylsulfonate (R^SOrCA-R 1 ) 


Yield (%) 


Ref. 


(-) menthol 


(-) menthyl-benzenesulfonate 


95 


[7] 


methyl a-o-glucoside 


methyl 0-tetrakis(benzene 
sulfonyl)- o-D-glucoside 


quant. 


[7] 


2,6-dimethylphenol 


benzenesulfonyloxy-2,6-dimethyl- 
benzene 


76 


[7] 


catechol 


1 ,2-bis(benzenesulfonyl)benzene 


quant. 


[7] 


1 ,3,5-trihydroxybenzene 


1 ,3»5-tris(p -toluene- 
sulfonyloxy)benzene 


quant. 


[7] 
(continued) 
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Table 10-1. (continued) 



£yco*». (".chQsop^ 002 ™' 



(HO) 



2,3 


97 


[8] 


2,4 


96 


[8] 


2,5 


83 


[8] 


3,4 


95 


[8] 



J> Voch 3 iH^c -/ Vso 2 o 




OCH3 



2,3 


82 


[8] 


2,4 


75 


[8] 


2,5 


72 


[8] 


3,4 


76 


[8] 



Application of this reaction to the sulfonic ester of a polyfunctional alcohol is demon- 
strated by the following example: 191 



OH 



T" 2 c* H < 

' KT«^ / 1.. 



# YD 



^N-SOAH 4 -^-CH, 

CF,SO, e 3 

66% 



OH 

? H Hj ^ 

► CHA^SOXK^ J ; ; < J 



C 6 »5 




As in the synthesis of carboxylic esters, benzotriazolides may also be used in the 
preparation of aromatic sulfonic esters: 1101 



a 



\. 



|[^ ,N + ArOH 

S0 2 C 6 H, 



C 6 H s S0 2 OAr + 


H 


Ar 


Yield (%) 


4-ClC 6 H 4 


88 


3 -CH 3OC5H4 


91 


4-CH,OC 6 H 4 


99 


2,6-(CH,) 2 C 6 H, 


62 


3,4-{CH.,) 2 C 6 H. 1 


96 


1-naphthyl 


51 
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Di- and trihydroxybenzenes could be completely benzosulfonylated in this way as 
well. [10] 

As an example of esters of aliphatic sulfonic acids trifluoromethylsulfonic imidazo- 
lide has been treated with various phenols to give phenyl sulfonic esters: [11] 



N<*\ 



Q» -£***■ 0-*« 



ArOH/ArQ (cat.), 
-ImH 



»ArOS0 2 CF 3 



Ar 



Yield (%) 



C 6 H 5 


68 


p-CH 3 C 6 H 4 


76 


P-C1C 6 H 4 


71 


p-N0 2 C 6 H 4 


73 


p-naphthyl 


70 



Sulfinic Esters (Sulfinates) 

In a way analogous to sulfonic esters, sulfinic esters are available quite readily and in 
very good yield. As usually the first step is the activation of sulfinic acid by CDI to the 
corresponding imidazolide which then reacts with alcohols: [12H14] 



R'SOjH — > 




R 2 OH 


O 

— > r'sor 2 




R 1 


R 2 




Yield (%) 


Ref. 


P-CH3QH4 


1-adamantyl 




78 


[12] 


P-CH3QH4 


1 -adamanty lmethyl 




92 


[12] 


P-CH3QH4 


p-N0 2 C 6 H 4 




57 


[12] 


p-CH 3 C 6 H 4 


p-BiC 6 H 4 
HO 




69 


[12] 


p-CH 3 C 6 H 4 


CH 3 0^ VcH- 




69 


[12] 


p-CH 3 C 6 H 4 


CH 3 




53 


[12] 




-CH 2 


T CH 3 
CH 3 
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R' 


R 2 


Yield (%) 


Ref. 


p-CHAft 


9-fluorenylmethyl 


78 


[12] 


P-CH3QH4 


cholesteryl 


56 


[12] 


CI 
CH,O^Q- 


2-adamantyl 


68 


[13] 


p-CHjC^ 


ch k c x) 1 
caf x o- 


0-C-CH3 

CH 3 


94 


[14] 



Sulfinates from Bisazolylsulfides (7V,7V -Thiobisazoles) 

With AT^AT'-thiodiimidazole (ImSIm) 1371 or A^'-thiodibenzimidazole, (obtained from the 
AT-trimethylsilylazoles and SC1 2 ), the following sulfinates can be formed. The sulfinates 
arise by rearrangement of the first formed sulfoxylates (see also Section 10.3). 



QC 



OH ImSIm or dibenzo deriv s 
OH 



*0 



CO 



quant. [15],[16] 



HO OH 



O-S 




ImSIm or dibenzo deriv.. 




95% [151,fl6] 



HO 



D ' C -CH 2 - CD2 



OH ImSIm 

I 



o'S> o-l 

11+11 



17 
6% 



83 
31% [17] 
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10.2 Sulfonamides 

Aminolyses of the imidazolides of aromatic sulfonic acids require prolonged heating with 
a primary amine at temperatures above 100 °C in a sealed tube to generate sulfonamides 
in good yield. 

Examples: 

R'-^^-SC^Im ^^ R , -^^S0 2 NHR 2 



r' 


R 4 


Yield (%) 


CH 3 


QH5CH2 


89 


H 


QH 5 CH 2 


88 


CH 3 


C 6 H 5 


88 


NH 2 


C,H 5 


86 



The imidazolides required for these reactions can be prepared from sulfonyl chlor- 
ides^ 3 or sulfonic anhydrides [2] and imidazole, or by treatment of the corresponding 
sulfonic acid with CDI, m ImSOIm, [3] or ImS0 2 Im [3] (see Section 10.1.1). However, for 
the synthesis of sulfonamides it is more convenient to employ a one-pot reaction starting 
from the free sulfonic acid, CDI or ImSOIm, and the appropriate amine: tl] 

For example: 

CH3 -£y s0j OH ™ c ,, 0min > CH 3 HQ-SO,In, ffgffS CH 3 ^S0 2 NHCHAH 3 

not isolated 77% 

Imidazolides of aromatic sulfonic acids form very sparingly soluble 2 : 1 complexes 
with AgNC>3, which undergo aminolysis to give sulfonamides much more rapidly than the 
imidazolides of sulfonic acids themselves. [2] As in the protonation of iV-acylimidazoles 
in acid solution, binding of the lone electron pair on nitrogen by complex formation 
results in increased reactivity, attributable to the increased electronegativity of the 
relevant ring nitrogens. 



R 1 -/ \-S0 2 


-N 1 © 1 N- 

\^.N — Ag— N^/ 

N0 3 e 


-«*O r ' *™:w I'-O**™* 




R 1 R 2 Yield (%) [2] 






CH 3 C 6 H 5 CH 2 75 * 






V'Hj v^^rij o5 






H C 6 H 5 80 






H C 6 H 5 CH 2 88 






* without AgN0 3 2.7% 
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A similar effect is achieved by Af-methylation of the imidazolide with fluorosulfonic acid 
methyl ester fl8] or methyl trifluoromethylsulfonate t7] as catalyst: 

is0-C 3 H 7v W0-C 3 H 7 

ImS0 2 



\ — / CH 2 C1 2 , room temp., 10 min 3 \_/ 2 \ / 7 

15 



iso-C^H-j iso-CyH 

«o-C 3 H 7 

"I 04 "**" 2 — -^ n -C 4 H 9 NH-S0 2 - 

benzene, room temp., 10 mm 

W0-C 3 H 7 
95% 



ImS0 2 C 6 H 5 CF 3 SQ 3 CH 3 > CH 3 -N^N-S0 2 C 6 H 5 R;?NH > C 6 H 5 S0 2 NR 2 

CF 3 S0 3 e 

with (is0-C 3 H 7 )2NH,71%; with prolin, 80% 

The "imidazolium effect" is also used on the following route, whete A/-arylsulfonyl- 
N'-methylimidazolium salts as intermediates are aminolyzed easily in aqueous solution 
because hydrolysis is much slower: [19] 

CHj-N^N + C1S0 2 -/ VcH 3 > CH 3 -N^N-S0 2 -/ \-CH 3 CI 8 

RR l NH 



-o 



RR'N-SO.-C' VCH 



RR*NH Yield (%) 

benzylamine 68 

c-hexylamine 66 

pyrrolidine 81 

Gly 43 

Gly-OC 2 H 5 46 
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For the sulfonation step, amino acids were added as their sodium salts. The reactions 
were carried out in cold aqueous solution, in which the sulfonamides were immediately 
precipitated. By the same method "dansylations" of amino acids could be accomplished 
with ^-(l-dimethylaminonaphthalene-S-sulfonyO-iV'-methylimidazolium chloride: 



CH,-N N-S0 2 
W 

ci e 



The _V-dansylated amino acid (e.g., glycine, leucine, proline) exhibits a yellow 
fluorescence. The sensitivity of detection for amino acids by this method is about 
10" 9 mol of amino acid. The advantage of this prodecure in comparison with that using 
dansyl chloride is the fact that it can be carried out in homogenous aqueous solution 
without addition of a cosolvent. [19] 

TV-Acylsulfonamides are synthesized from carboxylic acid imidazolides and sulfo- 
namides. Two typical procedures are worth noting here: [20],[21] 

Z-NH(CH 2 ) C0 2 H CPI > imidazolidc ^°ff H * , > Z-NH(CH 2 )„CONHS0 2 R 

n diazabicycloundecene " 

Z= C 6 H 5 CH 2 OCO, R = C 8 H I7 ; n : 2, 77%; n:3, 33% [20] 



CDI 1. p-CH,C*H.SO,NHNa w 

^/t-C 4 H90CONHCHC0 2 H ^ imidazole * ? *^ 2 ^ ^NCHCONHSO^^-p-CH, 

CH^ftHs CH 2 C 6 H 5 

52% [21] 

Sulfonamides can also be obtained by sulfonation of amines with iV-sulfonylbenzo- 
triazole in THF: [10] 



<^ 












R 1 
CgH5C_l 2 CH 2 


R 2 
H 


Yield (%) 
93 


IN 4- K K IN11 _____ ^ L- 6 ll<_AJ 2 INK K 
tf THF 6 5 2 

i 


S0 2 C 6 H 5 


-(CH 2 ) 5 - 




99 




C 6 H 5 


H 


87 




Oft 


C 2 H ? 


78 



Primary aliphatic amines and piperidine react even at room temperature, whereas 
secondary aliphatic amines require reflux temperature. Primary and secondary aromatic 
amines also require reflux temperature and _V-methylimidazole as catalyst. 

A polysulfonamide was prepared in the following way: [22] 
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ImS0 2 C 6 H 4 -p-NH 2 ^^W? ^„„ u > 4s0 2 -^VnhT- 96% 

2 6 4 F 2 Af-methylpyrrolidone, 60 °C, 24 h I 2 \ / 

The crosslinking of a sulfonylated polyarylene ether sulfone was accomplished by 
addition of CDI and bis-4-aminophenylsulfone as crosslinking agents: [23] 

a) Activation of the sulfonic acid group 

CDI • q © ^"NH 

polymer -S0 3 H — > polymer -S0 2 lm + polymer -S0 3 HN^ • 
— C(J 2 

b) Crosslinking 



2 polymer -S0 2 lm — u ^ ^ polymer -S0 2 NH-? /-S0 2 -f >-NHS0 2 - polymer 



^ T T f ™* >* polymer-S0 2 NH-< VS0 2 -f V^ 

polymer = -■/ \-S0 2 -/ V-0-- 



10.3 Sulfoxylates and Sulfones 



Sulfoxylates have been obtained by the treatment of alcohols with the reactive NJf'- 
thiodiimidazole (ImSIm, see Section 10.1, page 290). 

2ROH ImSIm > RO-S-OR 
pentane 



R 


Yield (%) 


Ref. 


CH 3 


34 


[24] 


C 2 H 5 


76 


[25] 


iso -C 3 H 7 


72 


[25] 


C4H9 


78 


[25] 


5-C 4 H9 


83 


[25] 


tert -C 4 Hq 


71 


[25] 



Sulfones are prepared by rearrangement of the first formed sulfoxylates. For example, 
treatment of vitamin A alcohol with ImSIm yields the corresponding sulfone, which can 
be converted to /?-carotene: [26] 

H 3 C CH 3 CH 3 CH 3 o CH 3 CH 3 H 3 C CH 3 

46% 
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Allyl alcohol reacts analogously with ImSIm, which in this case was made in situ 
from four moles of imidazole and SC1 2 . [271 



2 CH 2 ^. QH ^ Im > CH 2 ^^|^,CH 2 

O 



10.4 Sulfoxides 



A recently discovered novel synthesis of toluenebenzylsulfoxides is based on the reaction 
of iV-phenylacetylbenzotriazoles with sodium toluenesulfinates: t27al 



\ 




+ CH, 



SO,Na 



DMF, reflux, 3-4 h 



^ CH 3 -f V-S-C 



O fcH,QH< 



"*3 \ ~f~~ ** CH^C^Hj 



98% 



In the mechanism proposed, arylketene (which is thought to be an intermediate in this 
reaction), is attacked by the sulfinate anion acting as a nucleophile. 




N v 



L.> 



N 
/ N CH 2 C 6 H 5 



heating 



Ar 1 -CH=C=qJ 2 : 



k?3 



Ar 2 -S A 



O J 



Ar 
Ar 2 -S* 



Y" C '^N 



O 



-co 2 



->■ Ai^-S-CHLAr 1 



10.5 Sulfites and Sulfates 



Esters of sulfurous acid (sulfites) or sulfuric acid (sulfates) can be synthesized by reaction 
of alcohols with A^'-sulfinyldiimidazole (ImSOIm) and A^'-sulfonyldiimidazole 
(ImS0 2 Im), respectively. 
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Linear sulfites were prepared as follows [3],[28] 
ImSOIm 



2ROH 



THF, room temp., 30 min 
CH 3 CH 



O 
^ ROSOR 





O 

o-s-o 




94% 75% 

Cyclic sulfites and sulfates are obtainable by the following reactions: [29H31] 



ImSOIm 



HO OH 



(route b) 



w 



* °V° 



w 



ImSQ 2 Im /NaH^ _ ^ 

2 > O O 

\ / 
SO, 



Ru0 4 

(route a) 



CH 3 
ter/-C 4 H 9 — Si-O^ 

MS 

|^-J 94% [29] 



N- 



W cH > 



so 2 

78% [30] 



The bicyclooctane sulfite illustrated can be oxidized with Ru0 4 to the sulfate in 72% 
yield. [29] The mannopyranoside sulfate was obtained by means of A^'-sulfonyldiimi- 
dazole (ImSO 2 Im). [30] A trifold cyclic sulfate was synthesized according to route b. [31] 



O 



O 



s=o s=o s=o 

O J O / O / H,C 



QH, 3 
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The following ribofuranosyl sulfate was obtained with ImS0 2 Im/LiH in 42% 
yield: 1321 

CH, 
tert-CACCH^jSiO-i^O^I w °* 

V° 

o o 

Catechol sulfates are efficiently synthesized by reacting the appropriate catechol with 
A^'-sulfonyldiimidazole in the presence of potassium fluoride: 1331 



R ^ 

Y^ 




ImS0 2 Im 


R 

„, 3^ 


<s 


KF,DMF,85-90°C, 1 


-3h > 




R 


Yield (%) 




H 

4-terf-C 4 H 9 
3-CH3O 
4-Z-NHCH 2 CH 2 


85 
79 
81 
80 



oo< 



10.6 Sulfanes (Polysulfides) 



Sulfur insertion into thiols RSH to give symmetrical trisulfides in high purity is easily 
accomplished by diimidazolylsulfide (reaction conditions: hexane, 0-25 °C, 0.5-2 h). [34] 



]mSM » R-S 3 -R 



l Kan 




«^ 


R 


Yield (%) 


[34] 


CH2 = CHCH2 


80 




C3H 7 


80 




iso-C 3 H 7 


80 




tert-C+Hg 


90 




<W* 


80 
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Diimidazolyldisulfide, dibenzimidazolylsulfide and -disulfide, ditriazolylsulfide and 
ditriazolyldisulfide as well as the corresponding dibenzo derivatives have also been used 
for sulfur insertions. [15] 

The bisazolylsulfides shown below are much better sulfur transfer reagents than S^C^ 
(x=l,2). Moreover they are reactive toward alcohols and primary and secondary 
amines. 









V N - 



./-N 



*=1,2 



Syntheses of small cyclic trisulfides were not successful, but a larger ring was 
achieved: 



SH 



ImSIm 



\ 



// > (CH 2 ) n y S 

V S 



rt = 2,3,4 [34] 



N-S-N 




CH.SH 



CH.SH 






Whereas CDI reacts with thiols to give thiocarboxylic imidazolide and the corre- 
sponding dithiocarbonate. The reaction with A^-sulfinyldiimidazole afforded, surpris- 
ingly, a mixture of dithio and trithio compounds in good yield: t36] 



CDI 



N"*\ 



->• I N-CSQH4-P-CH3 + (p-CHaQJ^jCQ 

33% 22% 



/?-CH,C 6 H 4 SH 



ImSOIm 



-» p-CH 3 C 6 H 4 ~S~S-C 6 H 4 -p-CH 3 + p-CH 3 C 6 H 4 -S-S-S-C 6 H 4 -p-CH 3 
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The ratio disulfide/trisulfide varies from 1:1 to 3.9:1 depending on the diol used in 
this reaction (C 6 H 5 CH 2 SH, o-CH 3 OC 6 H 4 SH). With p-N0 2 C 6 H 4 SH, only the disulfide 
was obtained in 70% yield. 

The formation of disulfides and trisulfides has also been accomplished with N^N'- 
sulfinyldibenzimidazole, [36] although such a reaction was not observed in reference [16]. 



10.7 Diaminosulfanes 



These compounds are prepared from bisimidazolyl sulfide (AW-thiodiimidazole) and 
secondary amines such as piperidine. t37] 



NH + l^N-S-N^j 



■*• 0- s -0 



2 { NH + L N-S-N 

quant. [14] 



Reactions with aziridine were also described. [38] 

Moreover, N,Af'-thiodiimidazole has been used for the preparation of dithio- 
sulfurdiimides. [39] 

Example: 

C 6 H 5 -st NSi(CH3)3 

ImSIm 6 5 7g ^ N[Si(CH ^ > C 6 H 5 SN=S=NSi(CH 3 ) 3 _ h gg )3SiIm > C 6 H 5 SN=S=NSC 6 H 5 

- S 4 N 4 82% 
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11 Reaction of Phosphines with 
NJV -Carbonyldiimidazole (CDI) 



The reaction of CDI with primary phosphines was expected to lead first to an azolide 
ImCOPHR, analogous to imidazole-iV-carboxamide as the reaction product of primary 
amines and CDI. In fact, reaction of phenylphosphine with CDI leads directly to 
imidazole, carbonmonoxide, and tetraphenylcyclotetraphosphine (THF, reflux, 5h). In 
analogy to the dissociation of imidazole-AT-carboxamide into isocyanates and imidazole, 
this can be explained by the assumption that the first-formed ImCOPHC 6 H 5 dissociates 
into an isocyanate analogue, C 6 H 5 P=C=0, which is unstable and decomposes into 
carbon monoxide and phenylphosphene (C 6 H 5 P) which tetramerizes. However, the 
intermediate formation of phenylphosphene has not yet been definitely proved. [1] 

C 6 H 5 PH 2 -^-^ [C 6 H 5 HPCOIm] ^ > [C 6 H-P=C=0] CQ > £T 

C 6 H 5 C 6 H 5 

74% 

With secondary phosphines the reaction with CDI is similar to the reaction of the 
corresponding amines, but more vigorous conditions are required (reflux in dioxane for 
several hours). Thus, diethylphosphine gives diethylphosphinocarbonylimidazole, in 
which, however, the imidazole groups cannot be replaced even by prolonged heating with 
an excess of diethylphosphine in contrast to the corresponding diethylaminocarbonyli- 
midazole: [1] 

(C 2 H 5 ) 2 PH >> (C 2 H 5 ) 2 PCOIm + ImH 

Reactions of diethylphosphinocarbonylimidazole with alcohols such as ethanol or 
benzyl alcohol are strongly exothermic, and lead to diethylphosphinocarboxylates. For 
the reaction with aniline, leading to diphenylurea, another mechanism seems to apply. 

(C 2 H 5 ) 2 PC0 2 R «52*L (C 2 H 5 ) 2 PCOIm C #V m i > [C 6 H 5 NHCOIm] C 6 H 3 NH 2 > C 6 H 5 NHCONHC 6 H 3 

R = C 2 H 5 ,86%; 
C 6 H 5 CH 2 , 62% 



Reference 



[1] D. W. Muller, Ph. D. Thesis, University of Heidelberg, 1963; see also H. A. Staab, W. Rohr, Newer 
• Meth. Prep. Org. Chem. 1968, Vol. V, p. 61-108. 
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12 Phosphorylation and Nucleotide-Syntheses 



The following sections deal with a variety of rather complex syntheses using different 
versions of phosphorylations by azolides. The syntheses described here are selected 
primarily not for their specific practical applications but to show the versatility of the 
azolide method in synthesizing very complicated phosphorus-containing structures. 



12.1 Phosphorylation, Phosphonylation and 
Phosphinylation of Alcohols 



Reactions with Phosphoric and Phosphinic Monoimidazolides 

Alcohols can be phosphorylated to phosphoric diesters by ionic phosphoric mono- 
imidazolides in acetone at temperatures of about 50-60 °C over the course of several 
hours. These imidazolides are generally prepared by reaction of the appropriate phos- 
phate with CDI (see Section 2.2). Reactions with ethyl, n-butyl, n-pentyl, n-octyl benzyl 
alcohol and various other alcohols have also been described. [1 ^ 



I.CH3OH 
2. NaT 



/ 50 °C, 10 h 
Im-P-OC 6 H 5 



O 
CH 3 0-P-OC 6 H, 95% [1] 

3 Na® 



lou \ o 



■-. 



i -C,H 7 OH 



\ ' ^ 7 " > /-C 3 H 7 0-P-OC 6 H 5 80% [1] 

HImH® 60 °C, 15 h ' 

lQl e 

as cyclohexylammonium salt 



In l,2-diacylglycerol-3 -phosphate the phosphate group was esterified with choline by 
means of CDI to give the phosphatidyl choline: 



? H2 ° COC|7H " LToL-HCl. 9H 2 °COC, 7 H 35 

CHOCOC ]7 H„ >• CHOCOC l7 H 35 

PHOPOH melt70-80°C, I 

CH.OPO.H, V e 



CH 2 0-P-OCH 2 CH 2 N(CH 3 ) 1 

'o'e 

30% [2] 
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The reaction of phosphoric diphenylester imidazolide (for preparation see Section 
2.2) with tris(l,l,l-trifluoropropyl-3)silylmethanol yields a phosphoric triester. [3] 

(C 6 H 5 0) 2 P-Im ^^^"^ > (C 6 H 5 0) 2 P-OCH 2 Si(CH 2 CH 2 CF 3 ) 3 

62% [3] 

Analogously to the phosphorylation of alcohols with phosphoric azolides the phos- 
phinylation is carried out by means of phosphinic azolides (CH2CI2/C2H5OC2H5). In the 
following case a I2/C2H5OC2H5) protonated diphenylphosphinic imidazolide is used to 
give the allylic diphenylphosphinic esters in good yields:* 41 

(W Jci -^ (C 6 H 5>2 P-MH CI® CH 2 =CR-CH 2 OH > ^^^a^^^^ 

R = H,81%;CH 3 ,87% 

Adenosine and uridine monosphophate (AMP and UMP, resp.) react via their imi- 
dazolides with alcohols to give the phosphoric diesters: 

l.CDI,N(C 8 H 17 ) 3 

O DMF O O 

L^°vJ-0-P-OH 2. NaClQ 4 ^O^r-o-P-Im ROH ^O^o-P-OR 

^ I OH ^ I lOlB DMF ^ J ,£,© 

OH OH OH OH a, OH OH ffl 

«-*<* m Na Na® 

67% [1] 

R= C 6 H 5 CH 2 , 94% [5] 

9 _ 9 ° 

V^O^r-O-P-Ol CDI > U _J -Im x CH QH ^ V^O^r-o-P-OCHj 
\ ( IQI pyridine \ ( 'Qle l^H^NH®^ J IOI0 

OH OH DMF OH OH HCO3© OH OH 

(C 2 H 5 ) 3 NH® 
pyridinium 
salt 75% [6] 

The formation of a 2 / ,3 / -cyclic carbonate during the reaction of AMP with CDI is 
discussed in reference [7] (see also Section 3.8.2). 

In the case of arabinosyladenine-5'-phosphoric imidazolide, a reaction with the 2'-OH 
of the sugar moiety was observed: f8] 

IOI n 

Im-P-O-^O A • A 

IQIe \ H V imidazole buffer, pH 7.2 \ > V 
OH I 



OH 

24% 
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Another cyclization of 3'-adenylic acid (3'-AMP) to 2',3'-cyclic adenylic acid (2',3'- 
cAMP) took place by condensation with carbiminodiimidazole (or Af-cyanoimidazole) in 
aqueous or anhydrous medium. It is supposed that the reaction of 3'-AMP probably 
proceeds via a phosphoric imidazolide: [9] 



HO 



,0 



NH 



Y^ ^ Im-C-Im. 



20 



W 

3 PO OH 



HImH* 
N0 3 e 



NH 



HOn^O^ HO-i^O^ 



Im-C-O-P-O 



OH 



Im-P-0 OH 




With neutral phosphoric monoimidazolides, which are more reactive than the ionic 
species* the reaction time for phosphorylation of an alcohol is reduced. A one-flask 
synthesis of unsymmetrical phosphoric diesters from Af-(l,2-dimethylethylenedioxy- 
phosphoryl)imidazole, prepared from di(l,2-dimethylethylene)pyrophosphate and imi- 
dazole, is presented below: [103,[11] 



CH 3 



Im-P^. 



rW 



r'oh 



45 min 



R'O-P 



CH 3 



R 2 OH 



several h 



OR 2 

R l 0-P-0-CH-C-CH 3 

11 1 11 J 

O CH 3 Q 



OR' 

r'o-p-o-ch-och, 

n 1 11 ■* 

O CH3O 



H ^> 



OR z 

R'O-P-OH 
11 

o 



HOCH(CH 3 )-<>CH 3 
6 



Yield (%) as 
dicyclohexylammonium salt 



(CH 3 ) 3 CCH 2 
(C 2 H 5 ) 2 CH 



(CH 3 ) 2 CHCH 2 74 
C 6 H 5 CH 2 80 
C6H 5 CH 2 74_ 



The dialkyl(l-methylacetonyl)phosphates, which were easily hydrolyzed, are 
obtained in higher than 90% yields. Such reactions can also be carried out by making the 
phosphoric imidazolide in situ from the di(l,2-dimethylethylene)pyrophosphate and 
imidazole. [10] 

If 1,3-, 1,4-, and 1,5-alkanediols are introduced in this phosphorylation reaction, 6-, 7-, 
and 8-membered cyclic phosphordiesters are obtained: [12] 
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CH, 



fR \CH 2 0-P. < 
^R / / CH 2 OH 



CHi 



+ ImH 




1. (i-C 3 H 7 ) 2 (C 2 H 5 )N, CH 3 CN / H 2 
2.HC1/H 2 Q 



\R /CH 2 O-CH-C-CH3 

n CH 3 



R 


n 


Yield (%) 


H 


1 


77 


CH 3 


1 


80 


H 


2 


86 


H 


3 


82 



R 


n 


Yield (%) 


H 


1 


70 


CH 3 


1 


90 


H 


2 


82 


H 


3 


43 



Reactions with Phosphoric Diimidazolides 

In the reaction of a phosphoric ester diimidazolide (for preparation see Section 2.2) with 
an alcohol it is possible to substitute either one or two of the imidazole groups. 

Ai- u 2 ' H 2° ' <> C 6 H I 1 NH 2 Xn U 



OC 6 H 5 



OC 6 H 5 



91% [13] 



O O 

b) Im-P-Im a *> CH3O-P-OCH3 



HImH e 



HImH 
98% [11 



Reactions with Phosphoric Triimidazolide 

In the reaction of the very reactive phosphoric triimidazolide 1 1] (for preparation see 
Section 2.2), which is also called phosphoryltriimidazole in analogy to the carbonyldii- 
midazole CDI, with an excess of methanol, as products trimethylphosphate, dimethyl- 
phosphate, and O-methylphosphoric imidazolide were detected after one hour, and after 
two days the imidazolium salt of dimethylphos-phate was obtained in high yield: [13] 
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N *\ T i kt^N CH,OH ^ „ 9°"* 
f N-P-N jj 3 > 0=P-OCH 



lOl © 

fflmH^ 

74% 



Reactions with Phosphoric Pyrazolides 

Phosphoric, phosphonic and phosphinic pyrazolides have been used for phosphorylation, 
phosphonylation, or phosphinylation of primary and secondary alcohols: [14] 



CH,0,C 



Sr R 2 

C 6 H 5 



R3 ° H > R'O-P-R 1 

CH 3 CN > RO p R 

3 R 2 


R 1 


R 2 


R 3 


Yield (%) 


OCH 3 
OCHj 
C <ft 


OCH3 
C«H 5 


«-C 3 H 7 

C 2 H 5 

i-C,H, 


77 
83 
83 



/?-Oxenols [14] and oximes [15] can also be phosphonylated successfully in this way. In 
the reaction with diols, selective monophosphonylation has been achieved. [14] 

The synthesis of phosphonates with anionic phosphonic pyrazolides is described in 
reference [16]: 



l.CH 3 e 
^"01 ' 3 3 L -^ CH3O-P-OI 

" 73% c£ 



r n-p-oi 

1 C 6 H 5 



(CH^CNH 



acs 
f TU (CH 3 ) 3 CNH 3 



Reactions with Phosphoric Triazolides 

Analogues of phosphatidyl ethanolamine, phosphatidyl choline, and phosphatide acid 
with pantoic acid skeleton were prepared by phosphorylation with the respective phos- 
phoric mono-, bis-, and tristriazolide: [17} 
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1. 1 N-P-ub 



NV " NH 

O THF 



9 H 
C^H^ -C - O^LCONHC 12 H25 



C 13 H 27 -C-oX.CONHC, 2 H 25 

T ioie 



2. HC1, H 2 



CH 3 



x. 



OH 



CH 3 



CH 



4s^O-P-0(CH 2 ) 2 NH 3 



3 CH 3 6 



75% 



,(r\Y P .o 

V 7 2 0(CH 2 ) 2 Br 

PMAP, THF 
2. HC1, H 2 
3.(CH 3 ) 3 N,THF 



1.1 J* nVp*0 



DMAP.THF 



2.HC1 



C.^-C-oXcONHC,^ 

T ioi e e 

4s^O-P-CKCH 2 ) 2 N(CH 3 ) 3 
^" 3 CH 3 o 

69% 



9 H 
C.jH^-C-O^CONHC.jH,, 

CH^°~? (0H) ' 45% 
c " 3 CH 3 o 



DMAP =s p- dime thy laminopyridine 



12.2 Diphosphates and Triphosphates 



Access to diphosphates (pyrophosphates) and triphosphates is provided through the 
reaction of phosphoric mono- or diimidazolides with a monoester phosphate. 



a) 



O 
Im-P-OC^ 

lO! 9 

in situ by CDI 



QHsO-P-Ol 

»Ql e 

£ 

THF 



O 

it 



O 

II 



C^O-P-O-P-OQH, 

iQie ioi e 

imidazolium salt, 97% [1] 



b) Polyprenylpyrophosphate sugars, which are intermediates in the biosynthesis of 
Salmonella 0-specific polysaccharides, were prepared from polyprenylphosphoric- 
imidazolide and glycosylphosphates, for example, a-l>glucopyranosylphosphate:* 18H2 °l 
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CH 2 OH 

) — o 



IOI | Q | 65% HO N ~/0--P-0--P-OR 



ho^i— /opo 3 2 ^ rlri 1 

o Til® ImSOIm ^ « OH ' * 



RO-P-Ql > RO-P-Im 

'2'© '2'© 



R = (CH 3 ) 2 0=CHCH 2 
Polyprenyl 



CH 3 CHjj 



OH |0I A IOU 



:h 3n ^h 



The reaction was also carried out with other glycosylphosphates. [2lH23] 

c) In the reaction of phosphoric diimidazolide (for preparation see Section 2.2) with 
thymylphosphate, a triphosphate was formed: 113 



isoCjtij 



°_e 



ciT IQI 8 r\_ 9 9 9 /-< 

»2i e (C2Hs) ' N ' pyn<hne ' 91% V-^ IQ« e I2l e IQ. e W^ 



o 

II 

Im-P-Im 



cyclohexylammonium salt 



12.3 Phosphorylation of Nucleosides 



Reactions with Phosphoric Monoazolides 

By using a phosphoric diester monotetrazolide, made in situ from the corresponding 
phosphoric chloride and tetrazole in the presence of triethylamine, the 3'-0H of a suitably 
protected nucleoside could be phosphorylated to give a fully protected nucleotide: 1 - 243 



310 12 Phosphorylation and Nucleotide-Syntheses 



P-C1C 6 H 4 0-P-C1 



N-N 

i * 

N 
H 



DMTiO-t^Os? 




(C 2 H 5 ) 3 N 



P -C1C 6 H 4 0-P-N X . 

6 N'- N 




w 

OH OTHP 



8 



DMTiO-i^O^ 
• Ol 



OTHP 

I 
0=P-OC 6 H 4 -p-Cl 

6 



,N 




CI 



B 


Yield (%) 


A Bz 


91 


c Bz 


92 


u 


96 


G Bz 


82 



A Bz = N-benzoyladenine 

C 6 H 5 
DMTr = (CH 3 OC 6 H 4 ) 2 C 



Fully protected nucleotides could also be prepared with a phosphoric diester chloride/ 
Af-methylimidazole combination, probably via a phosphoric imidazolium inter- 
mediate: [25] 



IN + Cl-P-OC 6 H 4 -p-Cl 
O 
CH 2 CH 2 CN 



(^N-P-OQH.-p-Cl 
CI 6 CH 2 CH 2 CN 



DMTrO-i^Ov.7 

OH 
quant. 



Bz 



A Bz 

? DMTr= (CH 3 OC 6 H 4 ) 2 C 

0=P-0(CH 2 ) 2 CN 
OC^-p-Cl 



Reactions With Phosphoric Bisazolides 

More important than the phosphoric monoazolides are the phosphoric bisazolides in the 
generation of nucleoside 3'- and 2'-phosphates or 3',5'-dinucleotides. The phosphoryla- 
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tion of nucleosides has been conveniently achieved with phosphoric bisazolides, fre- 
quently prepared in situ from phosphoric dichloride and azoles. The first azole group is 
generally substituted by a nucleoside 3'-OH, the second by an alcoholic or phenolic 
protecting group to give the fully protected nucleotide triester. Hydrolysis of the second 
azole affords the nucleoside phosphordiester. 



n \^ iLazole R 2 OH w , ?^OR 2 R 3 OH _ . jLoR 2 

R'O-PC t >* R l O-PC , >■ R O-PC 3 

azole azole OR 



J* 1 ' 



R 1 = CgHs, />-ClC 6 H 4 , m-ClC 6 H 4 , CC1 3 CH 2 
R 2 = nucleoside 3*- or 2'- 



, £^OR 2 R 3 = NCCH 2 CH 2 , p-N0 2 C 6 H 4 CH 2 CH 2 

^OH azole = ImH, 1,2,4-triazole, tetrazole 



The phosphoric bisazolide reacted only with one nucleoside 3'-OH to give a di- 
esterified product (cf. [26H32] ); however, with a nucleoside 5'-OH component, one or two 
triazole groups could be substituted, depending on the ratio of the reaction partners. [33] 

The 3'- or 2'-phosphordiester and -triester were generally obtained in good yield. 

Examples: 



a) DMT^^OB fr^ »™>W HOCH,CH,CN ,, 

1 dioxane i 

OH ? /U, 

OC 6 H r p-C\ 
DMTiO-i^Ov? 

\ 7 C*H 5 

( 5 DMTr= (CHjOC^C 

0=P-OCH 2 CH 2 CN B = protected nucleobases A Bz , C* z or G* 

ocy^-ci 

70-85% [34],[35],[13] 



The 5'-dimethoxytrityl or j8-cyanoethyl group of the fully protected mononucleotide 
could then be selectively cleaved. 
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-OR 1 



1. 



(C n )/-< 

b) HMTOyO' 2 , r =qh 

^ ( pyridine 
OH 



MMTrO-i^O^? 

O 
0=P-OR 2 
OR 1 



Yield (%) [36] 



o-C1C 6 H 4 NCCH 2 CH 2 



79 



.npeoc 



l^C^Qft p-N0 2 C 6 H 4 (CH 2 ) 2 88 



MMTr t« 4-monomethoxytrityl 

A B * « N-benzoyiadenine 

A* » N-2»( p-nitrophenyl)ethoxycarbonyladenine 



c) Synthesis of di-, tri- and tetradeoxyribonueleotides, utilizing an 0-arylphosphoric 
ditriazolide with N-methylimidazole as catalyst: 1373 



KO^ 




P-OQH^o-Cl 



~o 



OH 







0«P-0(CH 2 ) 2 CN 
OC^-o-Cl 
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Trinucleotides are formed by 5'-deprotection of the dinucleotide and subsequent 
conversion with the monotriazolide in the presence of iV-methylimidazole. The fully 
protected di- and trideoxyribonucleotides of the following nucleotide sequences have 
been obtained in high yield: T-T (82%), C-T (88%), G-C (84%), GM3 (81%), G-T 
(83%), A-G-T (65%), C-G-T (61%). The yields are similar to those obtained in a 
reaction involving l-(triisopropylbenzenesulfonyl)tetrazole as coupling agent t37HI93 (see 
also Section 12.7). 

Other phosphoric bisazolides employed for the synthesis of 3\5'-nucleotides are: 



(tt-pyridyl)methyl phos- hcxafluoro-2-propyl- 

phofic ditriazolide [40] phosphoric ditriazolide [41] 

N^N^POCA-d-Cl 




^N0 2 

o -chlorophenyl phosphoric 
bis(nitfobenzotriaioUde) [42] 



A cyclic enediolphosphoric imidazolide, although a monoimidazolide, works in the 
same manner as a bisazolide: 



"CH, 






[43] 



Another synthesis of nucleotides by means of phosphoric bisazolides proceeds via 
phosphoric-sulfonic anhydrides or pyrophosphates. The arylsubstituted phosphoric sul- 
fonic anhydrides are prepared from a phosphoric imidazolide or phosphoric triazolide and 
a sulfonic anhydride. It reacts with nucleophiles like alcohols to give phosphortriesters, 
with triazole to give back the triazolide, and with a nucleoside phosphordiester to give a 
pyrophosphate derivative. However, it does not react with the 5'-hydroxyl of a nucleoside 
such as 3'-Oacetylthymidine to give the phosphortriester except in the presence of N- 
methylimidazole. The highly reactive intermediate produced upon addition of JV- 
methylimidazole to the phosphoric sulfonic anhydride was observed using 31 P-NMR- 
spectroscopy. Formation of the dinucleoside phosphortriester could also be achieved 
from the symmetrical tetrasubstituted pyrophosphate in the presence of iV-methylimi- 
dazole: [44] 
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RO-i^O. 



CljPOC^-p-Cl — - 2L 



Si(CH 3 ) 3 



* ^^A"- 



OH 1 f 



OH 
p-C\ > 



RO-i^O 



RO-i^° 



.^ 



Xj 



p-ClC 6 H 4 0-P=0 

O ^ 

/>C1C 6 H 4 0-P=0 

6 



O 
/>-ClC 6 H 4 0-P-QI 




p-ClC 6 H 4 0-P=0 

i N 



C 2 HsOH 



RO-l^O. 



RO-i^O-s 






f^n^Tn 



O ^ O 

p -CIC^O-P^O p -ClC^O-PsO 
6s0 2 C^i A - p -CH 3 OC 2 H 5 

jff^i phosphoric sulfonic anhydride 

<3 




p-ClC^O-P-O 



Reactions with Phosphoric Trisazolides (Phosphoryltrisazoles) 

The 3'-OH of a nucleoside can be phosphorylated with phosphoryltristriazole or phos- 
phoryltrisimidazole, 

a) Phosphoryltristriazole is considered very useful for the preparation of nucleoside 
3'-phosphortriesters bearing various phosphate protecting groups. It is generally obtained 
from POCl 3 and 1,2,4-triazole. As a stock solution in dioxane it is stable for at least 10 
days:^ 



DMI-iO-i^-O^T 



M™ DM ™lr°N l.R'OH »MTK)--0 



(C* 



OH 



W 

? /S 

0=P-N I 



2. R-'OH 






Nss-N 



o 

O^P-OR 1 
OR 2 
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R 1 


R 2 Yield (%) 


NCCH2CH 2 


C 2 H 5 60 


NCCH 2 CH 2 


QHsOCOC^ 61 


NCCH 2 CH 2 


BrCH 2 CH(Br)CH2 63 


NCCH 2 CH 2 


C1 3 CCH 2 75 



If the nucleoside is treated with a threefold excess of phosphoryltristriazole and 
subsequently with a mixture of triethylamine and water, the ionic nucleotide phosphoric 
triazolide can be obtained: [46] 



O o 
p.CH30C 6 H4C. N X,CH3 

OH 



9 o 

p-CH 3 OC 6 H4C. ArH 3 

r\ P=0 I J 

42% ^ ' 

O 



-ceo 

C 6 H 5 



o=p- 



v 



HN(C 2 H 5 ) 3 



With thiophosphoryltristriazole the corresponding thiophosphoric triazolide was 
formed in 80% yield. [46] 

b) The reaction of phosphoryltriimidazole with a 5 / -protected ribonucleoside gives 
the 2 / ,3 / -cyclic phosphate, which is cleaved by ribonuclease to afford a nucleoside 3'- 
phosphate: [47] 



RO-y°vj 

OH OH 



Im 3 PO 



RO-i^°^J 



L o^^iny 



RO 



JHfeO. 



50% 






RO 



ribonuclease 



X3 

O OH 

o-p-Qie 
s 



R = CH,CO; 



,b= £ 



NH 

N^O 

I 



c) In the phosphorylation of a 5'-protected dideoxynucleoside phosphate with 
phosphoryltriimidazole, the phosphordiester group is converted in the first step of the 
reaction into a phosphoric diester imidazolide, which in the second step is phosphorylated 
at the free 3'-OH group. Hydrolysis of the imidazolide groups gives the dinucleotide. If 
the monoimidazolide is treated with /?-cyanoethanol the corresponding phosphortriester is 
formed. Further examples are presented in ref. [48]. 
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[MTrTpT — a > 


MMTrT tr (Im) ^°> 


O O 
MMTrT— P-T-P-Im 




Im 


Im Im 


p a phosphate 




CN(CH2) 2 OH 
70% 






V 






O 
MMTrT-P-T 








<3(CH 2 ) 2 CN 





d) Deoxyribonucleosides are instantaneously and quantitatively phosphorylated in 
pyridine with a mixture of imidazolides obtained when POCl 3 and imidazole are mixed in 
a 1 : 2 ratio. The nucleoside is also phosphorylated with ImaPO alone, albeit more 
slowly: t491 

lmPOCl 2 + Im 2 POCl •+ Im 3 PO MMTrO-i^Os^T MMTrO-i^OsT 

' : 1 L_J *. \_J + \_J 

/ 9 ? 

_ / 0=P-C1 0"»P-Im 

MMTVOy°vJ ' Im im 

OH \ 

\ MMiyO-i^O ^f MM1i-» monomethoxytrityl, T ■ thymine 

VlE£2 * y_7 

1.2 h, 76% 5 

0«P-Im 
Im 



Reactions with Arylsulfonylazoles 

The phosphorylation of the 3'-OH of a 5'-substituted thymidine was achieved with 2,4,6- 
triisopropylbenzenesulfonyl-3-nitro-l ,2,4-triazole; [49a] 



<J R'O-T^-O^J i-C 3 H 7 ^™"^ K"yuvi 

6(CH 2 ) 2 CN W pyridine, 50% ^ 

tfo-p-o 

6(CH 2 ) 2 CN 

R 1 = C 6 H 5 CON~"W' 

X — f C0 2 CH 2 CH = CH 2 

r2 b ch 2 m ch-<:h 2 o 2 C(ch 2 )3-<:o 



12.4 Nucleoside Oligophosphates 317 

12.4 Nucleoside Oligophosphates 

Nucleoside Diphosphates 

Nucleoside diphosphates can be synthesized by either of two azolide methods. The first 
method consists of the reaction of a nucleoside phosphate with CDI, followed by treat- 
ment of the resulting imidazolide with trisbutylammonium phosphate to give die 
diphosphate. The second method takes advantage of the reaction of phosphoric bisazo- 
lides with a nucleoside phosphate. 5'-Fhosphates such as AMP, UMP, OMP, CMP, and 
IMP (but also 3'-phosphates t5 ° 3 ) are in this way converted into the corresponding 
diphosphates ADP, UDP, e tc. [51M5MlM52H543 

1. Method [51],[55] 

o o o o 

e'2 1 V-/ gl (3e ^> a lal V-7 JKfttfWiyqf^ 6h oh V_7 

OH OH DMF OH OH OHOH 

(C 4 H,),NH (CJOMtm ADP, 93% [51] 

Instead of CDI, carbonyl-, thiocarbonyl- or sulfinyldibenzotriazole have also been 
used for formation of the nucleoside phosphoric azolide.* 35 * 



2. Method [51],[56] 

HO 

** W 9 9 

- OH OH > HO-P-O-P 

I2, e OH OH y_Y 



HO-P-O-i^O^A 

(CAwSh h 2 po® gLP'ti* n-S-ta 6h6h > ho4-o4-o v o a 



w«- OH OH 

ADP, 91% [51] 

With [ 32 P]phosphoric diimidazolide, prepared from sulfinyldiimidazole or CDI and 
H 3 32 P0 4 , the 5'-terminal monoester phosphate groups in various RNAs could be selec- 
tively phosphorylated (radioactive labeling method):* 571 '* 583 



^ 3 «*AA* 



H 3 P0 4 -N(C 2 H 5 )3 ofCDI > J^N-P-N^ r Y r V ► 32 ppN ! pN 2 pN 3 ] 

p=phosphate N 1 , N 2 , N 3 « nucleobascs 

A guanosine tetraphosphate with pyrophosphate groups in the 3'- and 5'-positions was 
synthesized by double phosphorylation of the corresponding guanosine 3',5'-dipho- 
sphate. [50] 
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2© ^ n 

3 POn^°^ 

2© ■ « 

3 P0 O 



2© 



N^\ 9 /^-N OCH : 



"L? 3 7 P 2 0-^O^G 



N "j^ N V^ DMF,69% *" 2 © A A, 



- 7 r 2 v. 

HC-CH3 
OCH3 



Nucleoside Triphosphates 

Nucleoside triphosphates are prepared analogously to the diphosphates by the methods a, 
b, c, and d, representing conversion of a nucleoside phosphoric azolide with inorganic 
pyrophosphate (Method a), of a nucleoside diphosphoric azolide with inorganic phos- 
phate (Method b), of a phosphoric bisazolide with a nucleoside diphosphate (Method c), 
and of a diphosphoric bisazolide (bisazolide of pyrophosphoric acid) with a nucleoside 
phosphate (Method d). 

Method a [59] (see also [60}-[65],[65a],[53],[54]). 

By this method, for instance, thymidine triphosphate (p 3 T) has been synthesized. [59] 



O OOO 

Im-P-O-i^O^T HO-P-O-P-O-P-O-i^O T 

IQI \ / (C 4 H 9 ) 3 NH H^CVt loi IOI 101 \ 7 

© 1 J^Tp ^ © © © r— ' 

OH DMt OH 

(C 4 H 9 ) 3 NH 50% 

Whereas imidazolides of nucleotides react only in organic solvents with phosphates 
or pyrophosphates to give the corresponding anhydride derivatives in high yield, ATP can 
also be formed enzymatically in aqueous solution from AMP-Im with inorganic pyr- 
ophosphate in the presence of valyl-f-RNA synthetase. 1663 A variant of this method is the 
one-pot reaction of a nucleoside with phosphoryltristriazole and tributylammonium 
pyrophosphate. 1673 An a-methylphosphonyl-/?,y-diphosphate of a thymidine derivative 
has been synthesized in a similar way: [683 

n T l-ajf/l) 9 9 9 n T 

\ / 2. [(QH.)iNHl t H i P g O ? OH OH CH 3 \ / 

N~^ DMF.32% J~ 
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Method b [5 1],[69] 
a99 oo ^ooo 

©— 1! _ M _ ~ t» ii ii ^» ©— H M 



ly-ru-ruy^vr im-F-u-F-u-i^Uv" , 2 -. p - _ p _ - p - _, u - 
«QI IQI \ 7 CDI(5eq.l lOl Ifll \ 7 HJ<>P lOl lOl IQI \ 7 

e e i i dmf © © ■ » © © © I — r 

OH OH UM1 ^ OH OH OH OH 

tributylammonium salt B=nucleobase 

By this method adenosine triphosphate (ATP) and inosine triphosphate (UP) were 
prepared in 89% and 93% yield, respectively. [51] 

Method c [51],[70] 

o o 

HO-P-O-P-OyOvB 

IQI IQI \ 7 e _ o o o 

• CDI (5egO » e e OHOH lQ-P-0-P-0-P-0 V 0^B 

(QR^NH H 2 POf pM p ^> Im-P-Im > \Q\ \Q\ \q\ \ 7 

,a, e © © 8 OH OH 

(QH^NH e.g. AT? 84% 

as ammonium salt 



Method d [7] 






O O 

ii ii 

Im-P-O-P-Im 

JO! JOI 
0" 0" 


H 2 3 PO-i^°^ 

OH OH 
2. CH 3 C0 2 H 


O O O 

11 ii H ^ u 

HO-P-O-P-O-P-O-i^O^B 

OH OH 


2 (C 4 H 9 ) 3 NH 




e.g.ATP33%+AMP34% 



Method a has been used to synthesize ATPs modified in the ribose portion and/or in 
the nucleobase [71H73] as well as 5'-triphosphates of 2',5'-oligoadenylates [for example 
pppA(p5'A2')„ with n = 1 and 2]. [74] ' [75] 

Use of the bisimidazolide of peroxydiphosphate permitted adenosine 5'-(jS,y- 
peroxytriphosphate) to be prepared. t?6] An adenosine 5'-[/? 18 02]triphosphate was 
obtained in 54% yield. [77] 

Other nucleoside triphosphates modified in the a- or j8-positions were obtained 
according to the following routes: 

O O 
(HO) 2 P-CH(Br>-P(OH) 2 9 tt 9 9 
as tributylammonium salt HO~P-CH(Br)^P-0-P-0 -^O^A 
a) AMP-Im " — >• H OH OH \ 7 

OH OH 

50% [78] 
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O O 



11 " ^ a O O P o 

OH OH \ ^ -%&**> HO-P-0-p.CH(Br)-P-OyO s A 

OH OH OH \ / 

46% [78] OH OH 



OH OH \ / 

OH OH 



O 9 9 9 « 9 9 

c) Im-P-O-i^O^ HO-P-NH-P-OH HO-P-NH-P-O-P-O-i^O^B 

OH \ 7 OH OH > oh OH OH \ 7 

OH OH OH OH 

20 - 30% [53] 
NH, 



-tia 



Bss L L Vnh-(Ch 2 ) 6 -nh-co-cf 3 

Synthesis of pseudo ATP (^-ATP): 

Adenosine 5'-a,/J,/P -triphosphate (pseudo ATP = ¥-ATP) was obtained by treatment 
of the phosphoric diimidazolide of adenosine 5'-monophosphate with tributylammonium 
phosphate. It rearranges with CDI into ATP. [51] 

O O O 



(Im)2 P-O-t^OhA io-p-o-P-O-t^O^A 

OH OH IQ-P«0 OH OH 






e' 2 ' 

A mixture of adenosine 5'-di (ppA), tri (pppA), and tetra (p4A) phosphates is formed 
if adenosine 5'-phosphate (pA) is reacted with phosphoryltriimidazole in aqueous solu- 
tion (AT-ethylmorpholine buffer, pH 7) in the presence of Mg n ions.* 793 



12.5 Analogues of Dinucleoside Di(Tri)phosphates and 
Oligonucleotides with a Di(Tri)phosphate Bridge 



Analogues of Dinucleoside Di(Tri)phosphates 

The following diphosphates and triphosphates can be prepared by reaction of nucleotide 
azolides with nucleotides, sugar phosphates, phosphopeptides, or aminohexyl phosphates, 
a) NAD-analogues and P l , /^-dmucleoside-5'-diphosphates: E8 °* 
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O 

ii 



HO-P-OyO^X 

OH \ 7 CDI 

OH OH 



O 

OH ^7 
OH OH 



HO-P-OyO^Y 

OH ^ J 

OH OH 



DMF, (C 4 H9) 3 N, room temp., 48 h 



OH OH 



A A O O 

x^o^o-p-o-p-o-t^o ^y 



OH OH 



OH OH 



A 
A 
G 



G 
A 
G 



& 



CONH 2 



Yield(%) Ref. 



73 


[81].[82] 


98 


[81] 


62 


[81] 



„CONH 



XT 73 



CONH, 



61 



78 



b) Condensation of a nucleotide imidazolide with a sugar phosphate: 



[80] 



[80J 



HO-PO-^O^U 

<>H \_/ + CDI 
OH OH 



r~OH 
) O 



\oh \ 9 _e 

HOH— /o-P-Qi 



Im-P-O-T^O^U 



OH IOL 



OH 



W 

OH OH 



2[HN<C 2 !y,r 



DMF/DMSO 



HO 



pO H 

\OH A ii ii 1T 

DN— -/O^P-O-P-O-i^ OvU 

OH OH IQI \ 7 

® OH OH 

HN(C 2 H 5 ) 3 



95% [83]; see also [65] 



Nucleotides containing the nucleobases T, G, and C are also subject to conversion in 
an analogous way. In place of CDI, earbonyldibenzimidazole, carbonyldi-l,2,4-triazole, 
and carbonyldibenzotriazole were utilized in these reactions. 

Nucleoside S'-phosphoric azolides are generally obtained in high yield, although 
yields from the reactions with earbonyldibenzimidazole and carbonyldibenzotriazole are 
slightly lower ( ~ 70%) in comparison with those achieved with carbonyldiimidazole and 
carbonylditriazole ( ^ 90%). With phosphoric imidazolides or triazolides the synthesis of 
diphosphates was accomplished in high yield. Although yields with the phosphoric 
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benzimidazolide and phosphoric benzotriazolide were slightly lower, they could be 
increased by adding JV-methylimidazole to the reaction mixture, probably forming the 
zwitterionic phosphoric-iV-methylimidazolide as a highly reactive intermediate. 

Another route to such nucleoside diphosphates starts from imidazolides of phosphoric 
acid monoester and nucleoside phosphates: 



o o 



o 

HO-P-On^O>B 

,0-S-OH ^U RO-iU ^!L^ OH OH \_7 

OH OH OH OH 



B Ref. 



O 
CF 3 -C-NH-(CH 2 ) 6 A [53] 

O 
CF 3 -C-NH-(CH 2 ) 6 U [54] 

DMT ^N-(CH 2 ) 2 G [84] 
Cortison-21-yl A [85] 

c) Flavin adenine dinucleotide (FAD) was synthesized from flavin mononucleotide 
(FMN), adenosine monophosphate, and CDI in 92% yield. [5] ' [86H88] 

d) The synthesis of a y-dipeptidyl ester of ATP by coupling of a phosphopeptide to 
ADP in the presence of CDI has been reported: [89] 

CH 3 
c=o 

NH 
HC-CH 3 

c=o 

CH 3 CONH -CH-CONH-CH-C0 2 CH 3 O O O NH 

CH 3 CH 2 OP0 3 H® LOsrO-P-O-P-O-P-O-^ -CH 

ADWm T^w5 * W *K ^e ^e *** 

OH OH 

60% 

e) Synthesis of triphosphate P 3 -(6-trifluoroacetylaminohex-l-yl)-dGTP. [90] 

O O 

CF,CONH-(CH 2 ) 6 -0-P-0-P-OH 

iAi iAi o o o 

dOMWm § § > CF 3 CONH-(CH 2 ) 6 -0-P-0-P-0-P-0-^O^G 

49% Q "QI @ IQI e lQI \ / 

OH 
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Oligonucleotides with Di- and Triphosphate Bridges 

Similarly to the foregoing reactions, di(pp) and triphosphate (ppp) bridges could be 
constructed in oligonucleotides:* 91 ^ 



AMP + Im(p5'A2') 3 



-» A5'pp5'A2 , p5 , A2'p5 , A 
50% 



ADP + ImQtf'AT^ 



->> A5 , ppp5 , A2'p5'A2 , p5 , A 
27% 



The phosphoric imidazolide was prepared either from the corresponding oligonu- 
cleotide and CDI or from the oligonucleotide, imidazole, dipyridyldisulfide, and triphe- 
nylphosphine. Both procedures led to yields greater than 90%. [91] 



GDP + ImpA 



->* Gp 3 A 
23% [92] 



GDP + Im(pA) 2 



-> Gp 3 A3'pA 
16% [93] 



Analogously prepared were dGp 3 A, Ip 3 A, [92] Gp 3 A2'pA, and a Gp 3 A3'A deriva- 



tive. 



[93] 



Another triphosphate synthesis is described in reference [94], where a partially protected 
hexaribonucleotide derivative is converted by CDI into the imidazolide and subsequently 
condensed with a protected 7-methyl guanosine diphosphate to give the triphosphate. 



o 
r'o-p-oh 
oh 



CDI 



(C 8 H 17 ) 3 N 



>► R'O-P-Im 
OH 



O O 

it it , 

HO-P-O-P-OR 2 
OH OH 



O O 

, ii n ii . 

>• r'o-p-o-p-o-p-or 2 

OH OH OH 

16% overall yield 



HO- 



R' = 



THPO— 
O 
HOH O-P-O- 
v OH 



THPO- 
O 



V 



OH 



THPO— 
O 



V 



OH 



U 



THPO- 
O 



O-P-O- O-P-O- O-P-O- O-P-O- 



V 



OH 



THPO- 
O 



/ 



OH 



V 



o 



CH 3 



TMTrN^N^Nor 



THP = tetrahydropyranyl 
TMTr = trimethoxytrityl 



V 
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The capped leader sequence of the brome mosaic virus mRNA, an oligonucleotide 5'- 
triphosphate, has been synthesized analogously by reaction of an oligoribonucleotide 5'- 
phosphoric imidazolide.* 953 



12.6 Phosphitylation with Azolides of Phosphorous Acid: 
Synthesis of Oligonucleotides 

Reactions of Phosphorous Acid Mono- and Bisazolides 

Reaction of the tetrazolide of phosphorous acid diester with a 5'-protected thymidine and 
subsequent oxidation with iodine yields the corresponding thymidine phosphortriester:* 963 



X-J ^ * \J 



T 1. £ >-P(OC 2 H 5 ) 2 



OH 70% O 

0«P-OC 2 H 5 
OC 2 H s 

For an analogous synthesis of a phosphortriester see also reference [97], 
The phosphitylation agent N-tetrazolyldiethoxyphosphine (phosphorous diester tetra- 
zolide) can be made in situ from diethoxydiisopropylaminophosphine and two moles of 
tetrazole (tetrazole activation of phosphoramidites). [96] 

In the phosphite triester approach to the synthesis of nucleotides, morpholinophos- 
phorous ditetrazolide is used as the phosphitylating agent. The procedure generally 
consists of three steps: 

1. Reaction of a 5'-0-protected nucleoside with morpholinophosphorous ditetrazolide 
(phosphitylation), 

2. Reaction of the resulting mononucleoside phosphoramidite with a second nucleoside 
(condensation), and 

3. Non-aqueous oxidation with terf-BuOOH (oxidation). [98U " 3 

n t rN'-^o ^s W 

OH 



N 

o 
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MNCTrO 



Xy 



L J OH 



tert-CJUPOH 

67% 



MMTrO-T^Os^T 

r NN i v- 7 

y OH 



MMTr-p-CHjOQH^ 

QHs 



In the approach using bis(tetrazolyl)morpholinophosphine for synthesizing bis- 
(deoxyribonucleoside) phosphates it is not necessary to protect the 3'-hydroxyl group of 
the second deoxyribonucleoside (selective attack on the S'-OH).* 983,1100 ' In this reaction 
bis(tetrazolyl)morpholinophosphine is superior to other bis(azolyl)morpholinophosphines 
or azolylchloromorpholinopho^hinesJ * 

Dinucleotides with A Bz , C , or G iB (iV^-isobutyrylguanosine) as protected nucleo- 
base can also be prepared in good yield according to this method, whereby the biste- 
trazolide is formed in situ from two moles of tetrazole and one mole of 
dichloromorpholinophosphine. Consecutive treatment of a dinucleotide prepared in this 
way with a ditetrazolide, unprotected thymidine, and tertiary butylperoxide, provides a 
trinucleotide in 77% yield (route A). A second and also convenient route (B) to the 
trinucleotide involves coupling of the 5'-protected deoxy-ribonucleoside with a dinu- 
cleotide derivative containing free 3'- and 5'-OH groups,* 100 * 



DMTrO-v^O^ 1 



<w- 



\j*N 




2. r-C^OOH/^ Route A 



Route B 

67% 



HO-i^O^} 

^ 6 X-J 



OH 
2. r-C^OOH 



DMTrO-wO^ 1 

OH 



DMTrO 



■ (DH^° 



2. Thymidine 

3. fcTf-C 4 H*OOH 

77% 



C«H 5 
DMTr = (CH 3 OC 6 H 4 ) 2 C- 



xy 



^ 9 n T 

/ — \ 9 

O N-P-O-i^C^J 
' o \_J 
OH 
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Similar phosphitylation and subsequent conversion to a dinucleotide has been 
carried out using the methyl- or m-chlorophenyl esters of a phosphorous acid bisazo- 

lide noi H io3] 

Tetrazolide-activated nucleotide phosphites have been employed in the synthesis of 
polynucleotides on a polymer support using methoxybistetrazolylphosphine as phosphi- 
tylating agent: [104] 

N-N 2 

^ n Jn DMTrO-^O * 

HO-t^O »' rj NP -oCH 3 ^O-P-O-^O B 1 1. \ / 

\J -^ ^ \J 25 ^ 

o=c o=c 

© © 

R 2 
DMTrO-i^Ov? 

CHP-Lyo N B ' © =polymer 

o ^ 

O DMTr = dimethoxy trityl 

o=c 



The condensations (B , B = protected dA, dC, dG or T) afford yields greater than 
98%. 

Tetrazolides can also be formed from phosphoramidites (phosphorous amides) by 
reaction of tetrazoles in the presence of/?-dimethylaminopyridine: [105] 



V tf'V™ -xrr> ™,™_ n V 



H 

DMTrO-i^ ^ » T >-C 6 H 4 -p-N0 2 DMTrO-i^ ^ 

w ^ * w 

O OR /""V ? OR 

CH 3 0- P \ /" N(CH 3 ) 2 CH3 q_ p 

/N N M .N v C 6 H 4 -p-N0 2 



/-C 3 H 7 1-C3H7 



N-N 



CH 3 
R= (CH 3 ) 3 OSi 
CH 3 



12.6 Phosphitylation with Azolides of Phosphorous Acid "bll 

Such compounds have been used in the solid-phase synthesis of oligoribonucleotides. 
In the synthesis of (Up) 8 U, for example, the coupling reaction gave a yield of 96%. I105] 



DMTr-i^O^ 

DMTr-i^ >J HOyO^ V 

1 — ' + V — ' *• CH 3 0-P-0-i^O^T 



CH. 

N 



? /^N (V) \-J 



o 

Silica(-CH 2 ) 3 NHCO(CH 2 ) 2 C [106] 



Unreacted support-bound nucleoside hydroxy groups can be blocked with diethoxy- 
triazolylphosphine. Oxidation of the phosphite triester to phosphate triester was achieved 
by I 2 . Yields in the condensation exceeded 95%. Tetrazolide as phosphitylating reagent is 
superior to a 4-nitroimidazolide, a triazolide, or even a chloride. 11063 

Trifluoromethylphosphonous bistriazolide (trifluoromethylbistriazolylphosphine) has 
been employed in the synthesis of trifluoromethylphosphonate analogues of nucleo- 
tides. 11071 

Another effective synthesis of a nucleosidephosphoramidite takes advantage of 
condensation of the phosphitylating reagent 2 / -cyanoethoxy(A^ y A^-diisopropyl)amino-3- 
nitro-l,2,4-triazolylphosphine with S'-dimethoxytritylthymidine. 110 ^ 






/ 



N- N DMTrO-i^O^I DMTiO-i^O^I 

N(z-C 3 H 7 ) 2 QH ^ % q 

p 
NC(CH 2 ) 2 0" ^N(i-C 3 H 7 ) 2 



Reactions with Phosphorous Acid Trisazolides (Triazolylphosphines) 

a) Phosphorous acid tris(l,2,4-triazolide), generated in situ from PC1 3 and three moles of 
1,2,4-triazole, reacts under mild conditions with a 7-deazaguanosine derivative to give, 
after hydrolysis, a nucleoside phosphonate: [109] 



328 12 Phosphorylation and Nucleotide-Syntheses 



JL i- \£ n)p /CH 2 C1 2 ,0 °C 

lOmv'OjVN.CHHIWtt ^KC^NHjHCQf ^ 

OH OSi(/-C 3 H 7 ) 3 

O 

MMTr-^O^^N^N-CHN^H,), 

O OSi(/ -CjH,), 
OP-QI 

H © ((^jNH® 

b) Reaction of phosphorous tris(2,5-dimethylpyrazolide) with D-xylopyranose [1101 
yields a bicyclophosphite, which after protection of the free hydroxy group by acetylation 
(acetic anhydride) or benzoylation (benzoyl chloride) can be oxidized with ozone to give 
the triesterphosphate in quantitative yield; alternatively treatment with sulfur or selenium 
gives the bicyclotbionophosphate (60% yield) or selenophosphate (69%), respectively. 







-OH 
HO 

on 



P 



12.7 Oligonucleotides with Arylsulfonic Azolides 
(Arylsulfonylazoles) as Condensing Agents 

3\5'-01igodeoxyribonucleotides 

Imidazolides, 1,2,4-triazolides, or tetrazolides of arylsulfonic acids have been used as 
condensing agents in expedient syntheses of oligodeoxynucleotides. 

The 3',5' internucleotide linkage iiiormed either by condensing the 3'-hydroxy group 
of an appropriately protected deoxyribonucleotide or -nucleoside with the 5'-phosphate of 
a deoxyribonucleotide (method a), or by condensing a 3'-phosphordiester with the 5'- 
hydroxy group of a nucleoside in a modified phosphortriester approach (method b). 
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Method a: 



lOle 



Rl OV°N o-p-o-i^o^J 

V-7 + '2' e v_7 



ow 



azolide 



R'O-i ^O 



o 

fVN 
2' \_J 



OR' 



[111,112] 



CH 3 
Azolides: I N-S0 2 
CH 3 




ctt > <» • r^V^-^y 



NV 



CHj^* 2 *^ 



CH 3 (II) 



B* 



B Azolide Oligonucleotide 
Yield (%) Ref. 



O 
NC(CH 2 ) 2 OP- T CH 3 CO T 

p-CHjOC^C- T CH 3 CO T 

C5H5 

O 
NC(CH 2 ) 2 OP- iB -T- i-Ca^CO Q m 

loie 



1 



11 



82 [111],[112] 



60 [H1UH2] 



63 [H1MU2] 



Using method a, oligodeoxyribonucleotides were synthesized from di- to deca- 
deoxyribonucleotides by means of mesity lenesulfony limidazole and mesitylenesulfonyl- 
1,2,4-triazole. With triisoproylbenzeriesulfonylimidazole the condensation took place 
more slowly. [112] Compared with the corresponding arylsulfonyl chlorides, imidazolides 
induced internucleotide condensation much more slowly, but caused no darkening of the 
reaction mixture, did not affect acid-sensitive bonds in trityl protected nucleotides, and 
did not sulfonate the 3'-hydroxy groups.* 1111 The reaction conditions were room tem- 
perature, 5-6 days, and pyridine as solvent. 11 n] 

The phosphortriester approach was reported to be still the most versatile method by 
far for oligodeoxyribo- and oligoribonucleotide synthesis, with a number of really sig- 
nificant advantages over other methods (e.g., phosphoramidite approach) that have been 
developed for the same purpose. The main advantage lies in large-scale synthesis in 
solution "when economy of building blocks and coupling efficiency rather than coupling 
rates are likely to be of paramount importance."* 1 13 ' 



B 2 
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Method b: n i 

R'O-i^O *? HO-i^O.^ 8 O 

IP + \J — _ 0=^0 = 

? _e OR 1 ' 

0=P-Ol OR 3 

R 2 6 

Azolides: L^N-^-f V- 1-C3H7 (HI) ^^ N " S0 2-\/-CH 3 (VII) 

N0 2 i-Cfa^ 1 *^ CH 3 " 

r^" 1 " 03 " 7 (vm) 

"^ • N-S0 2 -f ^ (IX) 

(VI) N^/ 2 ^ ' 



2 i-C 3 H/ CH 3 "^ 

^ N.SOAH 4 -p-N0 2 (IV) N '^^y-V 

' N-S0 2 -f V/-C3H7 

2 N-^ N x 3 >~\ \ i-C 3 H 7 > 




» . I -C3H7 N. 




R 1 


R 5 




B l R S 


B 2 Azolide 


Oligonucleotide 














Yield (%) Ref. 
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CH,-C-(CH 2 )2-C 




A B * R 2 0-P- 

OCH 2 CBr 3 


A B * 


III 


80 [114] 
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» , it 








( / ^CH,OC 6 H 4 ) 2 C 


P-QH4 




d 1 * r 2 o-p- 
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IV 


82 [34] 








CXCH 2 ) 2 CN 




see also [115,1 16] 
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91 [113] 
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CH,-C-(CH 2 )j-C 
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och 2 cci 3 
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i 


VI 


88 [117] 
see also [118-120] 
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(p-CHjOQsH^C 


p-QH* 




T QftCO 
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VII 


82 [121] 
see also [122] 


CeH, 














(p-CHjOCWjC 


P-QH4 




A B * QHjCO 


A Bz 


VIII 


quant. [123] 
see also [124] 


C 6 H 5 


& 












(p-CHjOQHJjC 




T CH 3 CO 
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IX 


95 [125] 
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With mesitylenesulfonyl-l,2,4-triazole (II) as condensing agent (room temperature, 
24 h, pyridine) fully protected trideoxyribonucleotides such as d-GAG (48%), d-AAT 
(74%), d-TGT (62%), and d-CGG (50%), as well as such hexadeoxyribonucleotides as 
d-AATTGT (45%) and d-GAGCGG (38%), were also synthesized. 11 15] In the triester 
synthesis of oligodeoxynucleotides with mesitylenesulfonyl-l,2,4-triazole (II), 4-di- 
methylaminopyridine was found to possess a particularly high catalytic activity.* 381 The 
reaction rate with mesitylenesulfonyl-l,2,4-triazole (II) was slightly slower than in the 
case of arylsulfonyl chlorides, but the yield was considerably higher. Reaction with p- 
toluenesulfonylimidazole was very slow. [34] Compared to arylsulfonic acid imidazolides, 
the corresponding triazolides react three times as rapidly.* 1 15] 

Among the 1,2,4-triazolides benzenesulfonyl-, /?-toluenesulfonyl-, mesitylenesulfo- 
nyl-, triisopropylsulfonyl-, and/?-nitrobenzenesulfonyltriazole (IV), the latter is the most 
reactive one (room temperature, 24 h, pyridine).* 1 15] ' [34] ' tl26] It was therefore also used 
for large-scale synthesis of fully protected di-, tri-, and hexadeoxyribonucleotides of 
defined sequence. [34] ' [116] 

The preparation of oligo(tri- up to heptadeca-)deoxyribonucleotides could also be 
accomplished using l-(2,4,6-triisopropylbenzenesulfonyl)-3-nitro-l,2,4-triazole (VI) as 
activating agent for the high-yield formation of phosphortriester linkages.* 1171 This 3- 
nitrotriazolide proved superior to l-(2,4,6-triisopropylbenzenesulfonyl)-4-nitroimidazole 
(III), which promoted block condensations between small and large oligonucleotides to a 
greater extent than triisopropylbenzenesulfonyl chloride, but was shown to be rather 
ineffective for coupling together large oligonucleotides. 

In ref. [127] an investigation was made on the rate of phosphortriester formation and 
the percentage of sulfonated products in the cases of mesitylenesulfonyl-3-nitro- 1,2,4- 
triazole (V), 2,4,6-triisopropylbenzenesulfonyltetrazole, and 2,4,6-triisopropylbenzene- 
sulfonyl-3-nitro-l,2,4-triazole (VI) as condensing agents. 

Also benzenesulfonyltetrazole is used as condensing agent in the synthesis of oli- 
godeoxyribonucleotides. [31] It was found that this compound reacts faster than mesity- 
lene- or triisopropylbenzenesulfonyltetrazole. All the tetrazolides reacted faster than the 
triazolides, or even triisopropylbenzenesulfonyl chloride. However, they do decompose 
during storage in a desiccator, [121] '* 128] and therefore must be freshly prepared before 
use. [117] Coupling reactions to give di- and oligodeoxyribonucleotides in good yield using 
1-mesitylenesulfonyltetrazole are described in reference [25]. 2,4,6-Triisopropylbenze- 
nesulfonyltetrazole is a powerful condensing agent for nucleoside aryl phosphates, but 
not for nucleoside alkyl phosphates, which also undergo sulfonation reactions. [122] 
Nonetheless, it has been used as a condensing agent in a solid-phase synthesis of tri- and 
pentadeoxyribonucleotides by the block coupling phosphortriester method. [129] 

Other condensations by means of triisopropylbenzenesulfonyltetrazole to give di- and 
trideoxynucleotides as well as hexa- and pentadecamers are described in references [130] 
and [131], respectively. 

In ref. [123], 1 -triisopropylbenzenesulfonyl- or mesitylenesulfonyl-5-(pyridine-2-yl)- 
tetrazole (VIII) was successfully used as a coupling agent for the synthesis of protected 
di- and trinucleotides. In comparison with the sulfonic acid tetrazolides these are 
able to achieve a stereoselective synthesis of dinucleoside monophosphate aryl 
esters.t 31] >( 124 > 
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Compared to 8-quinolinesulfonyltetrazole (IX) as a coupling agent (yield 95%), 
8-quinolinesulfonyl-l,2,4-triazole or 8-quinolinesulfonyl chloride gave only 21% and 
15%, respectively, of the corresponding dinucleotidesJ 3 (See table on page 330). 

Dideoxyribonucleoside methylphosphonates were synthesized utilizing triisopro- 
pylbenzenesulfonyltetrazole according to method b: tl32] 



2 Nw N " SOs A /~'" C » H ' 1 ' 



OR z 



CH 3 



o»p-o!e or 

ch7 



R l 


b' r s 


B 2 Yield (%) 











n 




MMTr 


T CH 3 ~P- 

OCHiCH a CN 
O 


T 55 


DMTr 


A* CH 3 -P- 

OCH 2 CH 2 CN 


A B * 46 



Instead of the isolated arylsulfonic acid azolides, mixtures of arylsulfonic acid 
chlorides and azoles have also been used for phosphorylation on a nucleoside 5'-OH or as 
coupling agents in the synthesis of oligodeoxyribonucleotides J^'^ 133H1373 

Short reviews of the synthesis of oligodeoxynucleotides with mesitylenesulfonyl- or 
triisopropylbenzenesulfonyltetrazoles as coupling agents are provided in references [26] 
and [27]. 



3\5'-OHgoribonucleotides 

3 / ,5 / -01igoribonucleotides have been synthesized analogously to deoxyribonucleotides 
according to method b by means of l-arylsulfonyl-4-nitroimidazoles, [138H140] 1-aryl- 
sulfonyltriazoles, [75] ' [139] ' [141] and l-arylsulfonyl-3-nitrotriazoles, [29L[142] as well as aryl- 
sulfonyltetrazoles. [24W32L[139 ^ [143H146] 
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Example: 



£>-* 



R'O-i^O ^V HO-|^O^V \_/ O OR 3 

w/ y7 1 -h * om u\°i 

O J3R 3 R 4 OR 5 UK ^ { 

0*P-Ol R 4 OR 5 
R 2 6 

R 1 * (/^H,OC 6 H4) 2 C~ ,R 2 «C1*/ V ,R 3 8 R 5 « f J ,R 4 * Cl-^Vo-P- 

O O 6qH4 "" c1 

In these cases, arylsulfonyl chloride/azole mixtures were also used as coupling 
agents. tl4 ™ 133 l 



Diribonucleoside 3 ',3 '-phosphates and 2,5'-01igoribonucleotides 

Arylsulfonylazoles such as mesitylenesulfonyl-3-nitrotriazole, triisopropylbenzenesulfo- 
nyl-3-nitrotriazole or 8-quinolinesulfonyl-3-nitrotriazole have furthermore been used for 
the synthesis of a diribonucleoside 3',3'-phosphate E148] and a 2',5'-oligoribonucleo- 

tide [75],[30],[142] 

Example for a diribonucleoside 3',3'-phosphate: [148] 



NO, - CH * 



B i ^ B I N-S0 2 -f VcH 3 , r 

v_7 / X!7 c "- , T 7 



R'On^O^J r'o-i^- 



O OR 1 OH OR 1 pyridine, r.t,19h, 80% Q OR 

R 2 0-P=0 R 2 0-P=0 

\Q\ O OR 1 

O B 
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Examples for 2',5'-oligonucleotides: 



aBz »Bz 






a) V_/ + V_V *»L 



? _e OR 

OR 1 



82% 



HN(C 2 H 5 ) 3 



MMTrO-i^-O^J 



A Bz 



? a bz R l =p-N0 2 QH 4 CH 2 CH r 



UX3 

OR 2 



0,N 



b) MMTrO-i^O^ HO-i^-O^ 



A BI 







R'O O ^ R l O OR z 

0=P-Q1 

OCH 2 CBr 3 

© 
HN(C 2 H 5 ) 3 



tBz 



73% 



MMTrO -i^O^ R 1 = C 6 H 5 CO O 

\ 7 R 2 = Br 3 CCH 2 -0-P- [142] 

R «£ J NCCH 2 CH 2 6 

Ossp-O-T^Ox^i A z = N-benzoyladenine 

Br 3 CCH 2 \ 7 MMTr = monomethoxytrityl 



2 



R l O OR 

Comparing reaction times and yields for the condensing agents 1-triisopro- 
pylbenzenesulfonyl-4-nitroimidazole, mesitylenesulfonyl-3-nitro-l,2,4-triazole, 1-triiso- 
propylbenzenesulfonyl-3-nitro- 1 ,2,4-triazole, and 8-quinolinesulfonyl-3-nitro- 1 ,2,4- 
triazole, the latter showed the highest yield and shortest reaction time. A fully protected 
2',5'-trinucleotide diphosphate was also successfully synthesized by means of a mixture 
of 8-quinolinesulfonyl chloride and 3-nitro-l,2,4-triazole, [142] 
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As reaction mechanism for the modified triester approach with sulfonic acid azolides 
as coupling agents, [149] the following reactions have been suggested [149] ' [147] ' [150] ' [44] ' [151] 
in the case of a sulfonyltetrazole: 



N« N v ° © ° N'A , 

' N-S0 2 Ar + RO-P-OI >■ RO-P-OS0 2 Ar + ' N 

or' or 1 



,e 



-p-oso 2 
or' or' 



n-A ° /N*N e 

RO-P-OSO,Ar + ' NT > RO-P-N ' + ArSO, 



9^ 



?i o o 

RO-P-OS0 2 Ar + RO-P-OI ^ RO-P-O-P-OR + ArS0 3 

OR 1 OR 1 OR 1 OR 1 



Of\ .r-N O m, © O 

RO-P-O-P-OR + i N° > RO-P-N ' + IO-P-OR 

1 i > i N^s/ i , WN "" i , 

OR 1 OR 1 OR 1 OR 1 



?0«N 



o 



1 II - 



RO-P-N J + R z OH > RO-P-OR' 



♦ TV. 



OR 1 OR 1 



The condensation reactions are preferentially carried out in pyridine. As reactive 
species for phosphorylation of the nucleoside R'OH (synthesis of a phosphortriester), the 
phosphoric acid azolide has been assumed. The mixed phosphoric sulfonic anhydride and 
a pyrophosphate tetraester have been suggested as intermediates leading to the phos- 
phoric acid azolide. 

Ref. [152] discusses the transformation of a dinucleoside pyrophosphate into a 
reactive azolide with an azole (e.g., 3-nitro-l,2,4-triazole or tetrazole). With quinoline-8- 
sulfonyl chloride the concomitantly formed phosphordiester can be converted back to the 
dinucleoside pyrophosphate (see scheme on the next page). 

In the reaction of di-(5 / -0-monomethoxytf[tyluri(Une-3 / -p-nitrophenylethyl)-pyro- 
phosphate with a 5'-OH nucleoside component, simultaneous addition of quinoline-8- 
sulfochloride and 3-nitro-l,2,4-triazole is recommended to obtain a high yield of the fully 
protected dimer. [152] 
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RO-i^O x? RO-i^O. B 



"V 7 V N 



RO 



X3. 



o=p 




OR 2 N no 



12.8 Oligonucleotides by Polycondensations 



Template-Directed Polycondensations of Nucleotide Azolides 

An early review on the template-directed synthesis of oligonucleotides using imidazo- 
lides of nucleoside 5'-phosphate is included in reference [153]. 

Polycytidylate-directed oligomerizations of guanosine 5'-phosphoric imidazolides 
with various substituents in the imidazole portion are described in reference [154]. It 
was found that guanosine 5'-phosphoric 2-methylimidazolide in pH 7 buffer at °C for 
14 d yielded predominantly 3',5'-linked oligomers with a mean chain length of 14. At 
pH-values above 7.6, however, the template-directed oligomerization achieved oligo- 
guanylates (pG)„ up to the 50-mer level in greater than 80% yield [1553 (see also ref. 
[156]). This chemical system represents an efficient hon-enzymatic RNA-type semi- 
replication model. 

The poly(C)-directed oligoguanylate synthesis from guanosine 5'-phosphoric 2- 
methylimidazolide has been studied kinetically. [157] An intermediate elongation process 
on polycytidylate acting as template is illustrated schematically below. 

The reaction of adenosine 5'-phosphoric imidazolide with adenosine analogues on a 
polyuridylic acid template is discussed in reference [158], Another polymerization of 
oligoadenylates (pA) 4 and (pA) 6 on a polyuridylic acid template in an aqueous system 
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-OCR 



Poly(C) Template 




O-P-O-CH 




1 '° «°A 

o-p-o-*n^/ ■ 



was accomplished with AT^V'-carbiminodiimidazole or N-cyanoimidazole in the presence 
of transition metals. tl59] 

Oligomerization of 2-MeImpG and 2-MeImpA by means of poly(C,U) random 
copolymer templates produced a variety of oligo(G,A)s. [160] 

An efficient template-guided polycondensation of a decadeoxynucleotide into long- 
chain double-stranded polydeoxynucleotides was achieved with the thymidine 3'-phos- 
phoric imidazolides: [161] 

Im Im 

S'^'—T-G-G-C-C-A-A-G-C-TpT-G-G-C-C-A-A-G-C-Tp— 

3',5'— A-C-C-G-G-TfT-C-G-A-A-C-C-G-G-T^T-C-G-A 

Im Im 



The production of oligomers with 3\5'-linkages to an extent exceeding 80% pro- 
ceeded only in buffers containing iV-methylimida2ole for improved activation of the 3'- 
phosphate. The formation of a stable duplex was suggested:* 1613 
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Additional template-guided polycondensations of nucleotide azolides are described in 
references [161H165]. 
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Metal Ion- and Montmorillonite-Catalyzed Polycondensation of 
Nucleotide Azolides 

A review on the polycondensation of nucleotide imidazolides by means of metal ions or 
templates to provide oligonucleotides is available in reference [166]. 

Imidazolides of adenylic acid (ImpA) or uridylic acid (ImpU) are polycondensed to 
oligonucleotides by means of Zn 2+ ions.* 1675 The resulting phosphordiester bond was 
found to be of the 2',5' type. In the reaction of nucleoside 5'-phosphoric acid methyl ester 
with ImpA in the presence of MgCl 2 , 2',5'-dinucleotides are formed six to nine times 
more frequently than the corresponding 3',5' compounds.* 65 Polycondensations of ImpA 
in aqueous solution in the presence of various divalent metal ions lead to short oligo- 
adenylic acids (pA)„ (n = 1-5) mainly with 2',5'-internucleotide linkages. With Pb 2+ , for 
example, the total yield of oligomers was as high as 57%.t 168 ^t 169 ^ 

Azole-activated nucleotides are also polycondensed in aqueous medium with uranyl 
ion as catalyst. Azoles employed as activating groups for adenylic acid include imidazole, 
2-methylimidazole, 4-methylimidazole, triazole, nitrotriazole, tetrazole, and 2-methyl- 
benzimidazole. For instance, adenylic acid 2-methylbenzimidazolide is polycondensed in 
4 h at 50 °C by this method, giving 2',5'-linked oligoadenylates from dimers to hepta- 
mers in greater than 55% total yield. [170] In the polycondensation of adenylic acid imi- 
dazolide, up to 95% of the introduced imidazolide is converted primarily to 2 / ,5 / -linked 
oligoadenylates from dimers to hexadecamers.* 171] 

Condensation of the 5'-phosphoric imidazolide of adenosine (ImpA) with itself and 
P'jP'-diadenosine 5',5'-phyrophosphate (AppA) in water in the presence of Na + -mont- 
morillonite clay leads mainly to 3',5'-linked oligomers. These results are discussed in the 
context of the potential importance of mineral catalysts to the formation of RNA on the 
primitive earth. [172H174] 

Condensations of adenosine 5'-phosphoric imidazolide with glycolic or lactic acid in 
aqueous solution with divalent metal ions as catalysts to give glycolyl adenylate or lactyl 
adenylate are described in reference [175]. 



H*. .CH(R)-C^° 




°e 



o o 



0=P-On x .O> v A >. ^-C-CHCRj-O-P-On^O^A 

Im \ 7 O \ 7 

I f l l 

HO OH HO OH 

M 2@ =Pb 20 ,R = H,75%;CH 3 ,37% 



With 3-hydroxypropionic or 4-hydroxybutyric acid very little or no phosphor diester 
bond formation occurred. [175] 
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Acceleration of the Template- and Metal-Directed Polycondensation of 
Nucleoside-5-phosphoric Imidazolides by Acylation 

The reactions in question were complete within about one hour, whereas in the absence of 
an acylating agent such a reaction takes several hours. Long 2 / ,5 / -linked oligomers are 
formed in the case of R = C 2 H 5 . [175M155] 
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0=P-QI U 

OH OH 
R = C 2 H 5 
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Pb / polycytidylic 
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O-i^O^G + Im-C-OR 
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Polycondensation of Azolides from Ribonucleosides and 
Tri(azolyl)phosphine, Followed by Oxidation 

In the reaction of unprotected uridine with tri(imidazolyl-l)phosphine (ratio 1 : 1.5) under 
mild conditions (THF, — 78° to °C, 10 min) and subsequent oxidation with iodide, two 
types of polymers [(Up) n (n = 2-6) and (Up) n U (n = 2—5)] are formed. Additives such as 
metal cations or polynucleotides (poly U and poly A) acting as templates in the oxidation 
process showed a significant effect on the ratio of the 3',5'-linked to 2 / ,5 / -linked oligo- 



mers. 



[176],[177] 
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The internucleotide phosphordiester bonds are composed of both 3',5'- and 2',5'- 
linkages. It was noted that tri(imidazolyl-l)phosphine does not attack the 5'-OH of 
unprotected uridine. 

In ref. [178] other tri(azolyl)phosphines are used for the synthesis of uridine-, ade- 
nosine-, and cytidine-oligoribonucleotides according to this method, with azolyl groups 



340 12 Phosphorylation and Nucleotide-Syntheses 

such as 2-methylimidazolyl, 2-ethyl-4-methyl-imidazolyl, benzotriazolyl, benzimidazo- 
lyl, pyrazolyl, 1,2,4-triazolyl, and tetrazolyl. Among the tri(azolyl)phosphines, those 
containing imidazole, 2-methylimidazole, and 2-ethyl-4-methylimidazole were found to 
be most effective. 



12.9 Phosphoric Acid Amides 

Via Phosphoric Acid Imidazolides 

a) The nucleophilic reaction of amines with ionic phosphoric imidazolides requires a 
relatively long reaction time (several hours or days) to achieve moderate to good yields. It 
is usually carried out in aqueous phase: 



NH 



RO-P-Im 
IOI 



70 °C, 5 d 



c-C 6 H n NH 2 
70 °C, 12 h 



t QH S NH 2 
65 °C, 15 h 
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R = C 6 H 5 ,68% [1] 
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R=P-C1C 6 H 4 ,93% 


IOI 
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RO-P-NHC 6 H 5 


R = C 6 H 5 ,95% [1] 


IOI 


see also [13] 



b) Among the reactions described involving the barium salt of phosphoric acid N- 
methylimidazolide, (with ammonia, primary and secondary amines), those with amino- 
alcohols, 4-aminopyridines and 4-pyridone are illustrated below: [179],[180] 
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CH 3 CH 3 40 
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Via Phosphoric Acid Pyrazolides 

A series of amides, hydrazides, and azides of phosphoric, phosphonic, and phosphinic 
acids were synthesized via the corresponding pyrazolides. 

a) By transfer of an anionic phosphate or phosphonate group onto a primary or 
secondary amine: [16] 



chac^ 9 ^ hnr'r* , e_ 9 

>* IQ-P-NRTT 
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i OCH, 



OCH 3 OCH3 



H 3 NC(CH 3 ) 3 H 3 NC(CH 3 ) 3 
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N l^ \ » — " HNRR 0— »• , * 

|T N-P-QI HINKK > lO-P-NR'R 2 

^„ C 6 H 5 C 6 H 5 



H 3 NC(CH 3 ) 3 H 3 NC(CH 3 ) 3 



b) By transfer of a neutral phosphate, phosphonate, or phosphinate group onto an 
amine, azide or hydrazine.* 181 ^ 151 
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Amides of Nucleotides 



Nucleotide imidazolides react with amino components to produce the corresponding 
nucleotide amides: 



O 

x Ax„nr HNR, ^ i^O\TO-P-NR 2 R = H86% [182] 

a) AMP-Im * > \ / IOI© 

1 f ~ R = c-C 6 H n ,95% [1]; see also [5] 

(sodium salt) OH OH Na® 



b) 



U HO-.^°> u 



HO-^o^V HU V U N 

HN^N-P-O-i^O U W QH ^H 
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0O 



OH OH 



J 21 w 

OH OH 

76% [183]; see also [184] 

yoj HO-i^o^T 
c) " CH2QH5 1 ' 

? _ T 2. H^N-CHCO^QH, ^ ? ^ T 

IQI \_J NH ^_7 

OH C 6 H 5 CH 2 -CH Q^ 

CO2C2H5 

80% [185] 



In the last reaction CDI was found to be superior to both (C 6 H 5 0) 2 P(0)C1 (50% yield) 
and triisopropylbenzenesulfonyl chloride (33% yield). 

d) A cyclic nucleotide amide was synthesized via a 3'-phosphoric imidazolide and a 
5'-amino group of the adenosine moiety. [186] The amino group in this case was formed 
from an azide by a Mukaiyama redox condensation reaction: 

\ ' P(C ,H ? ) ? ,N(C 2 H,) ? \ / H 2 =pO ' 

? CH 3 OH,25°C,4h 9 4°C,2d Q 1A1 ° 

0=P-Im 0=P-Im - e 

eioi Na ® eioi Na ® Na 

94% 89% 
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12.10 Spin-labeled Esters and Amides of Phosphoric Acid 

Syntheses with Phosphoric Monoimidazolides 

In this procedure a diacylglyceryl phosphate is first converted with CDI into a reactive 
phosphoric imidazolide, which is then treated with a labeled alcohol to give a labeled 
phosphoric acid diester: 123 

l.CDl 



2 HO-/l^ 3 . 
CH 2 OCOC I7 H 35 2 ' HO "\N-°- CH 2 OCOC 17 H 35 

CHOCOC 17 H 35 h 3 C CH3 CHOCOC 17 H 35 n ^ 

CH 2 OP0 3 H 2 ^ J O /— ^ CH 

CH 2 0— P-0-< N-O 



H 3 C, ^ 



IOI 



•V 



imidazolium salt 
21% 



e ~ h 3 c c " 3 



*3^ 



A labeled phosphoric acid triester is formed by phosphorylation of an alcohol with a 
labeled phosphoric diester imidazolide: [187] ' [188] 

o i^CH, o i^^ 

ta 4-o-/N-o. -S2HL^ ro 4-o-/n-o. *=c 6 h 5 ch 2 ,83% 

Ar„ \ I A^ u \ / R = 5,6-dihydrocholestcryl-3, 80% 

H^CH 3 OC 6H 5 ^~£CH 3 

The reaction is carried out under mild neutral conditions (dioxane, room temperature, 
20 h) without the need for a base such as triethylamine, as would be required if the 
chloridate were used instead of the imidazolide. Furthermore, yields of phosphates are 
higher by using the phosphoric imidazolide. [187] 

The labeled imidazolide itself is prepared by a stepwise reaction of phenyl phos- 
phordichloridate (phosphoric phenylester dichloride): [188] 

cwJ-a i OH ' (C ^ N > c 6 H 5 o-?-a **>«*** > c^o-iU 
a benzene or- beBMe OR' 






quant. 98% 

CH 3 



H^ ** 3 



Spin-labeled phosphoramidates are synthesized analogously by the reaction of 
phosphoric imidazolides with primary or secondary amines [189] or amino acid esters. tl88] 
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o , *. . o S ^ 

ii R'R'NH R 1 ^ « v/ \ 

OR aMnB OR ^^rn 



J£ R* Yield (%) Rcf. 

iso-C&j H 75 [189] 

H-C4B9 R-CA SI [189] 

-CHjCHiOCHaCHj- 85 [189] 

CHCa^OOsCH, H 72 [188] 

GHtOQAHs H 89 [188] 



The inductive effect of the imidazole substituents on the transphosphorylation of 
alcohols and amines with the following spin-labeled phosphoric imidazolides is discussed 
in reference [190]. 



O 



C 6 H 5 0-P-R 
6 


/**N 


CH 3 


Qz H 5 


^ H 5 


H,C-Jv f ,*-CH, 
CH,N CH, 


R "'V. 


- N v^l, 


" ^av 


V ^N0 2 



i-C*H 7 

XT N 



The methylimidazolide reacts more slowly with an alcohol (cf. c-C 6 HnOH) but not 
with respect to an amine (cf. C-QH11NH2) in comparison with the unsubstituted imi- 
dazolide. Introduction of an additional alkyl group into the imidazole ring further retards 
the transphosphorylation. Thus, the 2-ethyl-4-methylimidazolide did not react with 
cyclohexanol within 70 h at room temperature, while with cyclohexylamine an amide 
was produced, albeit with a reduction in yield. [190] Hence, a certain degree of selectivity 
towards amines was achieved with the 2-ethyl-4-methylimidazolide. Selectivity toward 
amines and alcohols was also observed with the 2-ethyl- or isopropyl-4-nitroimidazolide. 

The effect upon the transphosphorylation reaction with alcohols and amines of 
electron-releasing (CH 3 ) and electron-withdrawing (CI, N0 2 ) groups in the benzene ring 
of phosphoric imidazolides has been studied as well. [191] 



Syntheses with Phosphoric Bisazolides 

Labeled phosphoric acid triesters and diamides have been synthesized from phosphoric 
diimidazolide. [192] ' [193] This method was found to be superior to that involving the 
dichloridate (phosphoric dichlorides). 



o 

R'O-P-Cl + 2ImH 

i 

CI 
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^CH, 



67% 



-^ R'O-P-Im 
Im 





R= X N-O 
H ^CH 



H 3 C 



[191,17] 



O 

r'o-p-or' 

OR 1 



R 1 


Yield (%) 


W-C4H9 


53 


1 -C 4 H<, 


69 


C 6 H 5 


82 


C^H 5 CH 2 


85 



o 

R # 0-P-NR 2 R 3 
NR 2 R 3 



R 2 R 3 


Yield (%) 


H /1-C4H9 


60 


H S-C4H9 


83 


H C 6 H 5 CH 2 


79 


— ■ CH2CH2OCH2CH2 ^ 


89 



Cyclic phosphoramidates (phosphoric amides) were obtained by the reaction of amino 
alcohols with a phosphoric diimidazolide. [193],[2] 



O 
R # 0-P(lm) 2 



/ 
\ 



H 2 N(CH2)^QH 



H 3 CNH(CH 2 ) 2 OH 



RO-P. (CH 2 >3 
O J 



CH, 



RO "V 



89% 



84% 



If one methyl group was introduced at C-2 in the imidazole moiety of the phosphoric 
diimidazolide the reaction rate of transphosphorylation was retarded.* 23 Introduction of a 
further alkyl group at C-4 in the imidazole unit diminished the reactivity of the diimi- 
dazolide to such an extent that the second imidazole moiety could not be replaced. [193] 
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Modification of Nucleobases with Arylsulfonylazoles 

These reactions are interesting because the modified nucleobases are formed as by- 
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approach if excess arenesulfonyltriazoles or -tetrazoles are used as condensing agents 
over the course of a longer reaction time. [194] ' [195] An example with 2-N-acyl-2 / ,3 / ,5'-tri- 
O-acyl guanosine is given. 



O 



or 

RO-i^O N -^ N ^ NHCOC 6 H 5 
OR OR 



CH 3 






QH ' / pyridine, room temp. \ N<^/~ 

J 24 h 3d 



2 ^\ / v,ri3 



N-N 

R ° V° "S IT NHCOQH, 
OR OR 



N0 2 

R0 "V 0> N N NHCOC 6 H 5 

W 
OR OR 



R = C 6 H 5 CO,95% 



R = CH 3 CO, 72%; C 6 H 5 CO, 69% 



An analogous reaction with 2 / ,3 / ,5 / -triacetyhiridine and mesitylenesulfonyl-3-nitro- 
triazole or triisopropylbenzenesulfonyl-3-nitrotriazole proceeds with the same high yield. 
Treatment of the nitrotriazolyl nucleoside with ammonia leads to 2',3',5'-triacetyl- 
cytidine. [194] 

If the 5'-OH of uridine is unprotected, however, a 5'-phosphate is obtained: 



°;c; 

H,C CH, 



O 

(T NH M 

oS A o In 



CH 3 ^ 



w so >-0- ch > 



O 

6 



diphenylphosphate, pyridine, room temp., IS min 



NH 
QHjO-P-O-^O^N C 

* ° W 



99% 



This shows that the combination of diphenylphosphate and arylsulfonyl-3-nitro- 
triazole is a powerful phosphorylating agent in pyridine solution. 
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Modification of Nucleobases with Phosphoric Azolides 

Phosphoric bis- or trisazolides can also be used for the modification of nucleobases. As 
mentioned before with ammonia the azolyl group is easily exchanged against the amino 
group. 

a) Reaction with phenoxyphosphorylditetrazole [33] 



N-N 

* > 

O N NH 2 

HN^V*' N^Y R ' N^V Rl 



R 3 R 2 R 3 R 2 R 3 R 2 



R 1 R 2 R 3 " 



F OAc OAc 85% 70% 

H F C 6 H 3 -C-0 73% 56% 

6 



The animation of thymidine derivatives can also be carried out as a one-pot reaction, 
in which the ditetrazolide is prepared in situ from the corresponding dichloride and 
tetrazole. [196] Similar reactions are described in references [197], [198] and [33a]. 



b) Reaction with phophoryltristriazole 



jc-N N-N 

RO-i^ ^ N V**il RO-^o^J N + RO-^O^ n 

OR OR OR OR OR OR 



R = (CH 3 )2CHCH2CO 



[199] 



A phosphitylation instead of an azole transfer occurred in the reaction of a guanosine 
derivative with phosphorous diester tetrazolide (diethoxytetrazolylphosphine): [200] ' [201] 
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O 0-P(OC 2 H 5 ) 2 

• >-P(OC2H 5 ) 2 ^ N vA>, 



X X • \-p(ocji) * X X 

\ / <*>% \ / 

OAc OAc 



R=(CH 3 ) 2 CHCH 2 CO 



Fluorophosphates from Phosphoric Azolides 

Fluorophosphates (phosphorfluoridates), which are important for backbone modified 
oligonucleotides in molecular biology, are generally synthesized from phosphoric imi- 
dazolides or triazolides and acylfluorides. In these reactions, for example, the azole group 
(of the phosphoric or phosphinic imidazolide) is substituted by a fluorine atom, forming 
an acylazole compound as by-product. [202],[203] 

i O , 

R ^„ ^ n R ° 

Im-P=X » * iu >• F-P=X + C 6 H 5 -C-Im 

■ 2 CH 2 C1 2 , 1 h, room temp. « 2 

R R. 



_Rj R* X Yield (%) 

C 2 H s O C 2 H 5 O 98 

tert-CJl) C^ O 98 

C^O C 2 H 5 Q S 95 



A difluorophosphate can be obtained from a phosphorous diimidazolide as demon- 
strated by the synthesis of a thymidine 5'-difluorophosphate. The diimidazolide was 
constructed from 3'-dimethoxytritylthymidine and triimidazolylphosphine. [202] ' [203] 



DMTrO DMTiO DMTiO DMTiO 

95% 

The reaction can also be accomplished with phosphoryltriimidazol Im 3 P = o. [202] ' [203] 

Recently a very mild method was discovered for the synthesis of dinucleoside 

fluorophosphates in the conversion of a dinucleoside phosphite with JV,N '-oxalyldiimi- 

dazole into the corresponding phosphoric imidazolide, which is then treated with acyl 

fluoride:^' ' 202] 
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? ^ T ImCOCOIm ? T CJLOOF ? t 

ooooa, \.,5 ococHs ococh, 



By this method, fluorine can be incorporated through a mild procedure into the 
internucleotide bond of oligonucleotides. 



12.12 Mixed Anhydrides of Phosphoric, Phosphoric, 
and Phosphinic Acids with Sulfonic Acids 



Mixed Anhydrides via Phosphoric Imidazolides 

Mixed anhydrides between phosphoric, phosphonic, and phosphinic acids on one side and 
sulfonic or carboxylic acids on the other are conveniently prepared via phosphor- 
azolides. [150] 

There are two methods for the synthesis of mixed anhydrides. In method A the acids, 
and in method B the corresponding anhydrides, are introduced for reaction with phos- 
phorimidazolides. Both methods afford the anhydrides nearly quantitatively. 

The required phosphorimidazolides are prepared from acid chlorides and imidazole or 
Af-trimethylsilylimidazole. 

Mixed anhydrides prepared according to these methods include: 



¥ " , 2R 3 SQ 3 H (Method A) ^ . j? _ , 
Im-P-R 1 *~ ^-> R-P-OSO,R 3 

R 2 -HImH R 3 SO, R 2 



J 3 



■** UTmU D j OO w O 2 

(R'SO^O 
(Method B) 



- ImS0 2 R 3 



Im_ ^ R R 3 SO 3 * R'-? 2 -OS0 2 R 3 Im Q 
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Method A 



Method B 



R J Yield (%) Ref. 



r-C 4 H, C 6 H 5 CH 3 

C 2 H 5 C 2 H 5 CH 3 

f-QH, OCH 3 CF 3 

OCaHs OC2H3 CF 3 



92 [205] 

quant. [205] 

quant. [150] 

quant. [150] 

quant. [150] 



R' 


R 2 R 3 


Yield (%) 


Ref. 


f-C„H, 


C 6 H 5 CH 3 


58 


[205] 


i-C 3 H 7 


i-C 3 H 7 CH 3 


quant. 


[205] 


C 2 H s O 


C 2 H 5 CH 3 


quant. 


[205] 


C 2 H,0 


C 2 H 5 P-CH3 


C fi H 4 quant. 


[150] 



Method A permitted the synthesis of an optically active phosphinic-sulfonic 
anhydride via the optically active imidazolide: [205] 




C1-P-C 6 H 5 + 


ImH - 


«"w 




Im-P-C 6 H 5 


CH 3 S0 3 H 


->* 


O 
CH 3 S0 2 0-P-C 6 H 5 




r-QH, 






f-C 4 H 9 








f-C^ 


[a] 2 , = +27.4° 






[a] 20 = -1.5° 








[a]^ = +2.6° 


(benzene) 






(benzene) 








(CHC1 3 ) 



Utilizing method B, mixed anhydrides of a dinucleoside phosphate and methylsul- 
fonic or trifluoroacetic acid could be prepared: [204] 



o 
o-p-0-1^0 



xr\p 



-95% 



OCOCH, 



DMTrO-i^O^J 

O 
->> 0=P-0-i^O T 

? \-J 

x OCOCH, 



X = CH 3 S0 2 orCF 3 CO 



1-Imidazolesulfonic acid reacts with phosphinic and phosphoric imidazolides to give 
mixed anhydrides of the following type: [150] 



Im-P-R' + ImS0 2 OH 

'2 quant. 



->• ImSO.O-P-R 1 



R 1 = terUC^, R 2 = C 6 H 5 ; R 1 = R 2 = C 2 H 5 
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Mixed anhydrides can be converted back to imidazolides in yields exceeding 90% by 
treatment either with two moles of imidazole or one mole of iV-trimethylsilylimida- 

zole: [150] 



2ImH 



O 
CH 3 S0 2 0-P-R 

r. x [ V i ? ^ Im-P-R 



\ o 



ImSi(CH 3 ) 3 « 



ImSi(CH 3 ) 3 



R' 



O 
ImS0 2 0-P-R 
R' 

Phosphoric-sulfonic anhydrides are of special interest because they are presumed to 
be intermediates in oligonucleotide coupling reactions involving phosphordiester acti- 
vation by arenesulfonyl derivatives (see Section 12.7). 

The mixed anhydride of a phosphinic acid and chlorosulfonic acid has been formed in 
two ways: 



.[44] 



o 

ImS0 2 0-P- f-QH, + CH3COCI 

QH 5 ^ O 

C1S0 2 0-P- t-CJU, 

« ^7% C6H5 

Im-P- r-QH, + CISO3H ' 



C 6 R 



Mixed Anhydrides via Triazolides of Sulfonic Acids 

A further method for the synthesis of a mixed anhydride between a phosphinic acid and a 
sulfonic acid employs a sulfonic triazolide: 

C 6 H 5 -P-OH + f^N-SO* ^ > C 6 H 5 -P-OS0 2 R + J^NH ayw, 
f-C 4 H 9 f-C 4 H 9 ^ 

R = p -CH 3 C 6 H 4 , 68%; CH 3 , 58% 

However, this method is not suitable for the preparation of phosphonic- or phos- 
phoric-sulfonic anhydrides.^ 1503 
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13 Syntheses of Acid Anhydrides and Acyl 
Chlorides 



13.1 Acid Anhydrides 



Three methods are known for the synthesis of acid anhydrides from carboxylic acids by 
means of azolides: 

1. Reaction of imidazolide with carboxylic acid in a 1:2 ratio at room temperature 
leads to carboxylic acid antydride and imidazolium carboxylate. 

RC0 2 H + ImCOR 1 < > . R-CO-O-CO-R 1 + ImH 

ImH + RC0 2 H > RC0 2 G HImH 

2RC0 2 H + ImCOR 1 >- R-CO-O-CO-R 1 + RCO 2 HImH 

The equilibrium in this first step favors tlje shift to anhydride formation if the second 
mole of carboxylic acid in the second step with forms imidazole to form a salt that is 
insoluble in the solvent used (ether, tetrahydrofuran, benzene). 

This method permits, for example, trifluoroacetic anhydride to be obtained in 60% 
yield (R = R' = CF 3 ). [1] Similarly, maleic and phthalic anhydrides are synthesized by 
treating the dicarboxylic acid with CDI in THF in a 3 : 1 ratio at room temperature, 
forming the antydrides and two moles of the insoluble monoimidazolium salt of the 
dicarboxylic acid: [1] 



3 H0 2 C-CH=CH-C0 2 H + CDI ^ Q < >q + 2 H0 2 C-CH=CH-C0 2 ° HImH® 

Z O 

80% 

2. Antydrides are also abtained by the reaction of carboxylic acids with N 9 Af '-oxa- 
lyldiimidazole in the presence of methanesulfonic acid. [2] 

ImCOCOIm O O 

RCQ 2 H CH 3 SQ 3 H ^ HN<^N-C-R RCQ 2 H > R-C-Q-C-R 

-C0 2 ,-CO \SJ o 

CH3SO3 
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Reaction conditions: acetonitrile as solvent; for the first step 40 °C, for 
1-2 h, the second step refluxing acetonitrile, 2-3 h. In this way the following anhydrides 
have been prepared from mono- and dicarboxylic acids: [2] 



o 

II 

R-C-0 


O 

ii 

-C-R 


R-R 

°< > 


=o 


R 


Yield (%) 


R-R 


Yield (%) 


CH 3 (CH 2 ) 14 - 


94 


"" C^r^Cr^ """ 


39 


QH 5 


98 


™" Cr^CI^Cr^ ~" " 


30 


P-NOAH4 


56 
66 


a 


84 


Q* 


71 


OP 


42 



3. By use of Af-(trifluoroacetyl)- or iV-(trichloroacetyl)-imidazoleare obtained sym- 
metric aliphatic and aromatic anhydrides even from carboxylic acids that do not form 
insoluble salts in benzene, ether, or THF (Table 13-1). In this case the acid is treated with 
the imidazolide in a 2 : 1 molar ratio, and an insoluble imidazolium trifluoro- or tri- 
chloroacetate is formed. 



O O 



:>* 



RC0 2 H + ImCOCX 3 < R-00-C-CX 3 + ImH 

O O 9 9 

R-C-O-C-CX3 + RC0 2 H < > . R-C-O-C-R + CX 3 C0 2 H 

CX 3 C0 2 H + ImH ^ CX 3 C0 2 9 HImH @ 

9 9 ® 

2RC0 2 H + ImCCX:X 3 >* R-C-O-C-R + HImH CX 3 CO 2 

X = ForCl 



Intermediate anhydride formation by means of Af-trifluoroacetylimidazole has been 
employed in the preparation of /?-nitrophenylesters of Af-protected amino acids, which are 
important in peptide synthesis. t3] 

For mixed anhydrides of phosphoric acid see Chapter 12. 
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Table 13-1. Anhydrides synthesized by method 3. 



Azolide Anhydride 



Yield (%] 



ImCOCF 3 benzoic anhydride 78 

ImCOCCl 3 benzoic anhydride 81 

ImCOCF 3 phthalic anhydride 89 

ImCOCCl 3 phthalic anhydride 89 



Azolide Anhydride 



Yield (%) 



ImCOCF 3 maleic anhydride 79 

ImCOCCl 3 maleic anhydride 80 

ImCOCF 3 palmitic anhydride 54 

ImCOCCl 3 palmitic anhydride 50 



13.2 Acyl Chlorides 



Acyl chlorides can be prepared by direct acylation of hydrogen chloride with imidazo- 
lides. If two moles of hydrogen chloride are passed into a solution containing one mole of 
an imidazolide in a solvent in which the imidazolium chloride is insoluble (e.g., 
chloroform, dichloroethane), the imidazolium chloride precipitates and the acyl chloride 
is formed in excellent yield and a high degree of purity. Examples are provided in Table 
13-2.™ 



t-C-N I + HC1 < > R-C-N V CI 



[• 



R-C-N 



^NH 



Cl° ^1 



L-C-Cl + i ) 



N 
H 



fN 
> + 

N 
H 



HC1 



^ O ci 



N 
H 



RCOIm + 2HC1 



->* RCOC1 + fflmH CI 



e 



While the first two reactions are reversible in chloroform, the third is irreversible, 
shifting the equilibrium to the side of the acid chloride.. 

The acylation of hydrogen chloride by imidazolides is especially of interest for the 
preparation of acyl chlorides that cannot be prepared, or can only be prepared with 
difficulty, due to their instability. A distinguished example is the preparation of formyl 
chloride by this route: t5] 
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'*1 9 © 



N + 3HC1 CHC1,-60<»C * H " C - C1+ 2 HbM C1@ 

A 

The resulting formyl chloride is stable in chloroform at — 60 °C for several hours. 
Table 13-2. Acyl chlorides obtained by acylation of hydrogen chloride with imidazolides. 



Acyl chloride Yield (%) Acyl chloride Yield (%) 

benzoyl chloride 81 caproyl chloride 73 

p-methoxybenzoyl chloride 91 palmitoyl chloride 68 

p-nitrobenzoyl chloride 94 2,2-diphenylcyclopropanecarboxyl chloride 93 



For the preparation of acid chlorides from the corresponding imidazolides it is not 
necessary that the imidazolide be isolated. Instead it can be formed in situ by conversion 
of the appropriate carboxylic acid with CDI. 

CDI 3 HC1 ft 

RC0 2 H — > RCOC1 + 2HImHCl^ 

~vAJ2 

However, because CDI reacts with HC1 to give phosgene (COCl 2 ), reaction of the 
carboxylic acid with CDI must be complete before treatment with hydrochloric acid is 
undertaken. The yield of an acid chloride prepared by this one-pot reaction is comparable 
to those reported in Table 13-2. In general, acid chlorides are formed at room tem- 
perature within a few minutes. 

/?-Nitrobenzoylimidazole, however, forms with HC1 a sparingly soluble salt that 
reacts at room temperature only slowly. At higher temperature /?-nitrobenzoyl chloride 
can be readily obtained (refluxing 1,2-dichloroethane). Analogous preparations are those 
of JV-palmitoyl chloride and caproyl chloride (chloroform, 55-60 °C). 

2,6-Dimethoxybenzoylimidazolium chloride also reacts rather slowly because of 
steric hindrance and electronic deactivation of the carbonyl group by the two methoxy 
groups. The synthesis of 2,6-dimethoxybenzoyl chloride was carried out in chloroform at 
90 °C in a bomb tube to give a yield of 60% after 3 h. [4] 
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14 C-Acylations by Azolides 



14.1 (Acylalkylidene)triphenylphosphoranes 



C-Acylations of Alkylidenetriphenylphosphoranes by 7V-Acylimidazoles 

Alkylidenetriphenylphosphoranes can be C-acylated in good yield by reacting them with 
imidazolides of carboxylic acids in a molar ratio of 2 : 1 at room temperature in benzene, 
benzene/ether, or benzene/THF. The second mole of alkylidenetriphenylphosphorane acts 
as a proton acceptor in the subsequent "transylidation". [1] 



© 

RCOIm + CH 2 =P(C 6 H 5 ) 3 > RCOCH 2 - P(C 6 H 5 ) 3 + Im 

© 

RCOCH 2 -P(C 6 H 5 ) 3 + CH 2 =P(C 6 H 5 ) 3 >> RCOCH= P(C 6 H 5 ) 3 + CH 3 -P(C 6 H 5 ) 3 



A particularly interesting reaction is the C-formylation [2] of alkylidenephosphoranes 
by AT-formylimidazole to give a-formyl derivatives (C 6 H 5 ) 3 P=C(R)CHO which can be 
further transformed into a,/?-unsaturated aldehydes by Wittig reaction, or hydrolyzed to 
produce aldehydes RCH 2 -CHO. 

Table 14-1. (Acylmethylidene)triphenylphosphoranes RCOCH = P(C 6 H 5 ) 3 . 



R 


Yield (%) 


Ref. 


H 


81 


[2] 


C 6 H 5 


99 


[1] 


C 7 H I5 


52 


[3] 


C 4 H 9 C(CH 3 )H 


55 


[3] 


c-C 6 H„(CH 2 ) 2 


56 


[3] 


CH 3 0(CH 2 ) 3 


31 


[3] 


HC=C(CH 2 ) 2 


82 


[4] 



Yield (%) Ref. 



C 6 H 5 CH 2 0/ OvpCHa 

>0 > 60 [6] 

C 6 H 5 CH 2 



^Vo » 



Q-^- 



45 [3] 



CH, ^0-V CH3 
CH 3 



[5] 
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If the acyl moiety is sensitive to acid and base the imidazolide method for synthesis of 
(acylmethylidene)phosphoranes is the method of choice, as shown by the following 
example, which represents a step on the way to the antibiotic methynolide: t7] 



o 

CH 
(C 6 H 5 ) 3 P=HCT ^ -' ' 

CH 2 =P(C 6 H 5 ) 3 ^ \,- CH 3 





benzene 

tert-Cfi^T ^ *OSi(CH 3 ) 2 -ter/-C 4 H 9 ter?-C 4 H 9 S" ^f *OSi(CH 3 ) 2 -tert-C 4 H 9 

CH 3 CH 3 

from the carboxylic acid and CDI 95% based on the carboxylic acid 



Because in this case an elimination reaction could occur to form an oc,/?-unsaturated 
ester, use of two equivalents of the phosphorane should be avoided. [7] The (a-acylalk- 
ylidene)triphenylphosphorane can be subjected to a subsequent Wittig reaction with an 
aldehyde. [4] - [5] ' [8] 

Alkylidenetriphenylphosphoranes react also with CDI to give imidazolides of alky- 
lidine-oc-carboxylic acid triphenylphosphoranes in good yield. [2] 



OR 

CDI + 2 RCH=P(C 6 H 5 ) 3 >> ImC-C=P(C 6 H 5 ) 3 + CH 3 P(C 6 H 5 ) 3 Im 



Yield (%) 



H 81 

CH 3 60 



These compounds can be converted by hydrolysis into the corresponding carboxylic 
acids RCH 2 C0 2 H, or they can undergo a Wittig reaction, albeit only in moderate yield, to 
produce a,/?-unsaturated carboxylic acids. 

The reaction of A^A^-Thiocarbonyldiimidazole (ImCSIm) with (methylidene)- 
triphenylphosphorane is carried out in analogy to that of CDI. t9] 



ImCSIm + CH 2 =P(C 6 H 5 ) 3 HBr> ^^ reflux > ImCSCH=P(C 6 H 5 ) 3 + CH^CH,), Im 9 

31% 
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14.2 Af-Azolylthiocarbonylhydrazones 



Formaldehyde hydrazones react with Ar,AT'-thiocarbonyldi-l,2,4-triazole to give hydra- 
zones of thioglyoxalyl-l,2,4-triazoles, which react readily under displacement of 1,2,4- 
triazole with nucleophilic reagents such as amines and hydrazines but also with less 
nucleophilic compounds, including hydrazones, sulfonylhydrazides, thiosemicarbazides, 
and hydrazides. [10] 






-C-N v j 

1ST 



+ CH 2 =N-N(CH 3 ) 2 






C-CH=N-N(CH 3 ) 2 



96% 



No corresponding reactions have been reported with ImCSIm. Attempts to extend the 
reaction to other aldehyde hydrazones (e.g., acetaldehyde-AT,JV-dimethylhydrazone) 
failed. [10] 



14.3 Acylnitroalkanes 



Nitroalkanes can be acylated by imidazolides via their sodium, potassium, lithium, or 
ammonium salts in refluxing THF or in DMSO. Acylation in this case takes place 
exclusively at the a-carbon of the nitro compound. 



R'CQIm + 



R 3 



NO. 



r'coc-no, 



Irn 



Table 14-2. Acylnitroalkanes. 



R'ofR'COIm 


Nitroalkane / base 


Acylnitroalkane 


Yield (%) kef. 


CH 3 


NaCH 2 N0 2 


CH 3 COCH 2 N0 2 


80 [11] 


CH 3 


CH 3 N0 2 /KO-^rf-C 4 H 9 


CH 3 COCH 2 N0 2 


56 [12] 


3-ClC 6 H 4 


CH 3 S0 2 /KO-tert-C 4 H 9 


3C1C 6 H 4 C0CH 2 N0 2 


72 [12] 


3-N0 2 C 6 H 4 


CH 3 N0 2 /NaH 


3-N0 2 C 6 H 4 COCH 2 N0 2 


77 [12] 


3,5-(CH 3 0) 2 C 6 H 3 


CH 3 N0 2 /NaH 


3,5-(CH 3 0) 2 C 6 H 3 COCH 2 N0 2 


88 [12] 


p-ImCOC 6 H 4 


CH 3 N0 2 /NaH 


N0 2 CH 2 COC 6 H 4 COCH 2 N0 2 


75 [13] 
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Table 14-2. (continued) 



Acylnitroalkane 



Yield (%) Fief. 



C 6 H 5 

C 2 H,0 

QH, 

CH 3 

QH 5 

CH.OCO 

CH 3 

QH l3 

CH 3 

QHj 3 
CH 3 



LiCHCH 2 -C x J 
N0 2 O-^ 

LiCHCH 2 -C x J 
N0 2 O^ 

LiCHCH 3 
N0 2 

LiCHCH 3 
N0 2 

LiC(CH 3 ) 2 



CeHjCOCHCH^q J 
N0 2 O^ 

c 2 h 5 ocochch 2 -c x J 

N0 2 O-^ 

C 6 H 5 COCHCH 3 
N0 2 

CH 3 OCOCHCH 3 
N0 2 

C 6 H 5 COC(CH 3 ) 2 
NO, 



(CH 2 ) 2 -<( 1 /NaH CH 3 OCOCOCHCH 2 -c' ^) 

NO, O 



N0 2 CH 2 C 2 H 5 / KO-fe/?-C 4 H 9 C 6 H, 3 COCHC 2 H 5 

N0 2 

N0 2 CH 2 CH 2 C 6 H 5 / KO-fe/?-C 4 H 9 CH 3 COCHCH 2 C 6 H 5 

N0 2 

N0 2 (CH 2 ) 3 C0CH 3 / KO-fe/?-C 4 H 9 C 6 H 13 COCH(CH 2 ) 2 COCH 3 

N0 2 

N0 2 (CH 2 ) 5 C0 2 CH 3 / KO-terf-QR, CH 3 COCH(CH 2 ) 4 C0 2 CH 3 

N0 2 



CH 3 
N0 2 (CH 2 ) 2 



CH 3 O- 



X J /KO-f-C 4 H 9 X I 

O^ C 6 H 13 COCHCH 2 o^ 



N0 2 



95 [14] 



91 


[14] 


92 


[14] 


91 


[14] 


30 


[14] 


24 


[14] 


73 


[15] 


87 


[15] 


62 


[15] 



65 [15] 



88 [15] 



O-SiCCH^-ferf-QR, p-SKCH^-te/t-QR, 

N0 2 (CH 2 ) 3 CHCH 3 / DBU CH 3 COCH-(CH 2 ) 2 CHCH 3 62 [16] 

NO, 



Instead of an imidazolide, a benzotriazolide was used for alkoxycarbonylation of 
nitroalkanes: [17] 



J? 




N 
C0 2 C 2 H 5 



+ NaCHNO, 



-> C 2 H 5 OCOCHN0 2 

R = H, CH 3 , C 2 H 5 , 55 - 80 % yield 
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14.4 Reactions of Imidazolides with CH-Activated 
Compounds 



The CH groups of those compounds are activated by CN, C0 2 R, Benzimidazolium, or 

Pyridazine 

Intermolecular Reactions: 



a) 



CH 2 C 6 H 5 


NaH 


K CHCUlm + K l_ri 2 K 


THF 


R 1 R 2 R 3 


Yield (%) 



CH 2 C 6 H 3 
CH-C=CR 2 R 3 
OH 



[18] 



Boc CN CN 97 

Boc CN C0 2 CH 3 93 

Boc CN p-N0 2 C 6 H 4 81 

N-Ac-Leu CN p-N0 2 C 6 H 4 63 

N-Ac-Leu CN P(Q)(OC 2 H 5 ) 2 47 



R 1 



Yield (%) 



W-Ac-Leu CN CN 96 

W-Ac-Leu CN C0 2 CH 3 55 

W-Ac-Leu CN 2-pyridyl 59 

W-Ac-Leu C0 2 CH 3 S0 2 C 6 H 5 72 

W-Ac-Leu CQ 2 CH 3 P(Q)(OCH 3 ) 2 66 



b) 



9 H 3 1 . ( w0-C 3 H 7 ) 2 NLi CH 2 -C-CH 3 






2. CH.COIm 



THF 






N 
40% [19] 



Intramolecular Reactions: 



a) 



a) 



V-CH 2 C0 2 C 2 H 5 



1. Br(CH 2 ) 2 C0 2 CH 2 C 6 H 5 

2.H 2 /Pd-C 

3. CDI 



ay 



V^rl-nC^O-nC-iH.* 



CH.CH.COIm 



(C 2 H 5 ) 3 N 




43% overall yield [20] 
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b) 
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H 

4-N 



O v 



H 
CH 2 C1 2 >~N 



OCOIm 



CH 2 C0 2 CH 2 C 6 H 4 -p -N0 2 



2^2 o \ 



CH 2 C0 2 CH 2 QH 4 -p -N0 2 



87% 



c) 



H 

l.LiN[Si(CH,),] 2 > r— j^O 



i 2 i^ 2 



OCH 3 



a 



64% [21] 



ch 3 ,e 

N© 
N (CH 2 ) 3 COIm 




60% [22] 



14.5 j9-Ketoesters 

/?-Ketoesters from Imidazolides and Magnesium Enolates 

Reactions of imidazolides with the magnesium enolates of malonates (Mg 2+ /malo- 
nate, ratio 1 : 1) are used for the elongation of carboxylic acids by two carbon atoms to 
give jS-ketoesters (Tables 14—3 and 14-4). 



R'COIm + R 



O 
OR 3 



-» r'cochccr 3 



The magnesium enolates are prepared by treatment of malonic acid half ester either 
with magnesium ethylate t24],[32] or with isopropylmagnesium bromide t24] or chloride. t26] 
Ref. [23] describes the synthesis of a 13 C-labelled ethyl acetoacetate. Concerning the 
synthesis of porphyrin /?-ketoesters, [37] it was noticed that the method via imidazolides is 
more efficient than the other approach via acid chlorides and sodiomalonic esters. 



Table 14-3. R 1 COCHR 2 C0 2 C2H 5 
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Table 14^1. R^OCHR^OsCHs 



367 



Yield 

(%) Ref. R 1 



Yield 
R 2 (%) Ref. 



CH 3 H 

C 3 H 7 H 

C*H 5 H 

C^HjCr^ H 

CH 3 C=C CH 3 60 [25] 

iso-C 3 H 7 CH 2 CHN(CH 2 C 6 H 5 ) 2 H 74 [26] HN 



63 [23] Boc-NHCHCH 2 C 6 H 5 

74 [24] j-y 

65 [24] ^ n X^^ 

79 [24] 



Boc-NHCH(CH 2 C 6 H 5 ) 
Boc-NHCHCCVterf-C^ 

CH 2 - 
Boc-NHCHCH 2 C 6 H n 
(4S)CH 3 CHCH 2 CH- 

CH 3 NH-Boc 

S ! X°1 

3 O^ 

CH 2 - 



H 
H 

H 
H 




H 



NL 



CH 2 C 6 H 5 



H 
H 



88 [27] 

86 [28] 

62 [29] 

37 [30] 



Nx^A-ca 



CH 3 82 [31] 



76 [32] 




H 



NH N-V 
N HN-\ 

(CH 2 ) 2 C0 2 CH 3 



H 



60 [33] 
83 [34] 



H 60 [35] 



75 [36] 



80 [37] 



By the same method, dicarboxylic acids can be elongated by four carbon atoms. [38] 




-Im + H 



Mg 



CH 3 0-C-CH 2 -C 




C-CH 2 -C-OCH 3 



OCH, 



81% 



/?-Ketoesters from Imidazolides and Magnesium Bis(alkyl malonates) or Bis(alkyl 
thiomalonates) 

R'COIm + (R 3 XCOCHR 2 C0 2 ) 2 Mg -> R^OCHR^OXR 3 

In these cases the molar ratio of magnesium/carboxylic acid is 1 : 2. [39H53] 
It is advantageous to utilize neutral magnesium salts in the cases cited in Table 14—5 
instead of basic magnesium enolates, because with the latter reagents the yields are much 
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lower. In ref. [50] the starting imidazolide was prepared by treatment of the sodium salt 
of the carboxylic acid with CDI in THF (room temperature, 30min). Analogous chain 
elongations of silylated azetidinone carboxylic acids with CDI and /?-nitrobenzylhemi- 
malonates are described in reference [54]. 



Table 14-5. /?-Ketoesters (R^COCHI^COXR 3 ) from imidazolides (R^COIm) and magnesium salts 
(R 3 XCOCHR 2 C0 2 ) 2 Mg mainly in THF. 



R 2 



X R 3 



Yield (%) Ref. 



W-C4H9 
QH, 7 

CH 3 CO(CH 2 ) 2 

QH 5 (CH 2 ) 2 

C 6 H 5 (CH 2 ) 2 

QH 5 (CH 2 ) 2 

(CH 3 ) 3 C 

c-C 6 H n 

c-C 6 H n 

M-CH 3 (CH=CH) 2 

CH 3 (CH 2 ) 5 CHOH(CH 2 ) 10 

CH 3 (CH 2 ) 5 CHOH(CH 2 ), 

CH 3 2 CCH 2 CH 2 

tert -C 4 H 9 2 CCH 2 CH(CH 2 ) 2 - 

OSi(CH 3 ) 2 -te/t-C 4 H 9 
CH 3 0(CH 2 ) 2 CH- 

OSi(CH 3 ) 2 -ferr-C 4 H 9 
CH 3 C0 2 CCH 2 CHCH 2 

OSi(C 6 H 5 ) 2 -terf-C 4 H 9 



H 


O 


CH 3 




quant. 


[39] 


H 


O 


C 2 H 5 




95 


[40] 


CH 3 


S 


C 2 H 5 




85 


[41] 


H 


O 


CH 3 




quant. 


[41] 


CH 3 


O 


CH 3 




95 


[41] 


CH 3 


S 


C 2 H 5 




quant. 


[41] 


H 


S 


C 2 H 5 




quant. 


[41] 


H 


O 


CH 3 




quant / 85 


[39,41] 


H 


S 


C 2 H 5 




quant. 


[41] 


CH 3 


S 


C 2 H 5 




90 


[41] 


CH 3 


S 


tert-C^ 


95 


[41] 


H 


O 


CH 3 




95 


[41] 


CH 3 


S 


tert-C 


4H9 


95 


[41] 


H 


O 


tert-C 


4 H 9 


75 


[41a] 


H 

r 


O 


CH 3 




70 


[41a] 


l 9 

H 


O 


CH 3 




48 


[42] 


H 


S 


tert-C, 


iH 9 


90 


[43] 



CH3C02CCH2CHCH2 
o 

(C 6 H 5 ) 2 Si-terf-C 4 H 9 
(R)-Boc-NHCH(CH a ) 
C 6 H 5 

Z-HN 




H O C 6 H 5 CH 2 

H O CH 3 

CH 3 S tert-C 4 H 9 

H O C 2 H 5 



86 



57 
85 



90 



[44] 



[45] 
[41] 



[46] 



CH3O 



CH, 




H 



O CH 3 



78 



[46a] 
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Table 14-5. {continued) 



R 1 R 2 X R 3 Yield (%) Ref. 





H S C^ 


H 


S 


C2H5 


CH 3 CH 3 











CH 3 


S 


tert-Cfa 


CH 3 CH 3 








w 

o o 


H 


o 


CH 3 


H 3 CCH 3 


CH 3 


o 


Cft 


qh/o^^^ 


H 


o 


QH, 


H 

o \ 

SKCHH^j-^rt-CA 
OH 





(C^CH 



88 [41] 



75 [41] 



88 [47] 



88 [48] 



90 [49] 



40 [50] 



HC CHfc- 

H 3 C J_T H O /F-NOaCACHa 86 [51] 

"SKCH^-terf-CA 



O 



J-NH 



H O CH^CHCHa 72 [52] 

J—NH 
O 




H 3 CCH-j— ( H O p-NOzGAGH, 84 [53] 
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Because primary hydroxy groups are somewhat tnore reactive toward CDI than a 
carboxy group, the method was modified for chain elongations of ca-hydroxycarboxylic 
acids with protection of the OH-group: [41] 



HO( CH 2 ) 7 C0 2 H (C , F ^° > CF 3 COO(CH 2 ) 7 COl m ( WCOCH(CH,)CO^Mg > 
ImH 

CH OH 

CF 3 CCXXCH 2 ) 7 COCH(CH 3 )COSC 2 H 5 ? > HO(CH 2 ) 7 CCX:H(CH 3 )COSC 2 H 5 

\^rI 3 CAJ 2 .N a 

90% 



Crowded imidazolides do not react with magnesium bis (methyl malonate) because of 
steric hindrance. [55] 



O o O o o O 

CH£0 ,COH CH 3 CO CIm CH 3 CO CCH 2 C0 2 CH 3 

(^N-Boc 2. Mg(OCCH 2 C0 2 CH 3 ) 2 V^N-Boc n0t (^N-Boc 

O 

53% 



?-Ketoesters and /J-Ketoamides from ot-Lithiated Carboxylic Acid Derivatives 

a) Reaction of JV-acylimidazole with lithio tert-butyl trimethylsilylacetate: [56] 

LiCHCO r terf-C 4 H 9 
CH.COIm — Sl(C ^i ^ CH 3 COCH 2 CO r ^^C 4 H 9 

94% 

b) Reaction of JV-acylimidazole with lithio ethyl trimethylgermylacetate: t57] 

LiCHC0 2 C 2 H 5 

Ge(CH,)^ 
C 6 H 5 COIm —^ > C 6 H 5 COCHC0 2 C 2 H 5 > C 6 H 5 COCH 2 C0 2 C 2 H 5 

Ge(CH 3 ) 3 2 

50% 
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c) Reaction of imidazole-iV-tert-butylcarboxylate with lithio methyl isobutyrate: [58] 

Li 
terf-C 4 H 9 OCOIm — — ** 2 — *— >> tert -C A H 9 OCOC{Cl{^ 2 Q0 2 QY{ lt 

65% 



/MCetodicarboxylic esters can be synthesized in a similar way using CDI and an 
a-lithiated carboxylic ester: [58] 

Li 

CDI + 2 (CH 3 ) 2 CC0 2 CH 3 > [CH 3 2 CC(CH 3 ) 2 ] 2 CO 

THF 

60% 

d) Reaction of an iV-acyl-amino acid imidazolide with a-lithio ethyl acetate: 

, LiCH,CO,C,H< , 

R'CHCOIm 2 — 2 l 5 > R ! CHC(X:H 2 C0 2 C 2 H 5 

NHCOR 2 NHCOR 2 



JRj R; Yield (%) Ref. 

CH 3 CH(CH 3 )CH 2 terf-C 4 H 9 82 [59] 

CH 3 2-naphthyl 69 [60] 

wo-C 3 H 7 C 6 H 5 75 [60] 

_H C 6 H 5 CH 2 74 [60] 

For an analogous reaction see also reference [61]. 

e) The reaction of an co-bromo-n-butyric acid imidazolide with an a-lithio a-tri- 
methylsilylacetic acid tert-butylester leads to a cyclized product: [56] 

O 

ii 

CHCO-terf-C 4 H 9 



Br(CH 2 ) 3 COIm + LiCHC0 2 - tert-C A \^ > ^ 

Si(CH 3 ) 3 THF H 



•6 



75% 



f) The asymmetric acylation of propionamides has been studied using an optically 
active N-acylbenzimidazole. The highest yields of /?-ketoamides were obtained in THF as 
solvent: [62] 
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N C 6 H M -_ ?H 3 

>-CH-OCH 2 -f\-Cl + C 2 H 5 CON(CH 3 ) 2 >► (CH 3 ) 2 CHCOCHCON(CH 3 ) 2 

COCH(CH 3 ) 2 85%(ee65%) 



/J-Ketoesters from Imidazolides and #-(Trimethylsilyl)malonates 

The synthesis of /?-ketoesters using trimethylsilylmalonates generated in situ is described 
in reference [63]. 
Example: 

„„ „~ (CH 3 ) 3 SiOCOCH 2 CQ 2 C 2 H, w 
c-C 6 H n COIm ~£^ 2 — 2 2 g > c-C 6 H n COCH 2 C0 2 C 2 H 5 

92% 



/J-Keto-7-aminocarboxylates 

The reaction of amino acid imidazolides with the potassium salt of monomethyl malonate 
in the presence of one equivalent of MgCl 2 , CoCl 2 , or MnCl 2 results in the formation of 
j8-keto-y-aminocarboxylates. [641 

Boc-NHCHCOIm wv 3 2 l — *— •>* Boc-NHCHCOCH 2 C0 2 CH 3 

£ H MX 2 , room temp., In ' 223 

3 then 40 - 45 °C, 6 h 3 

69% 



The use of MgCl 2 , CoCl 2 , and MnCl 2 give comparable yields. In the absence of these 
catalysts no carbon acylation has been observed. [64] 

Another synthesis of /J-keto-y-aminocarboxylates starts from AT-protected amino-acid 
imidazolides and magnesium p-nitrobenzyl malonate (50-60 °C, about 6 h). [65] 



/J-Ketoesters from Reactions of Imidazolides with CH Acidic Compounds in the 
Absence of Base 

a) A jS-ketoester was obtained in the reaction of an imidazolide with 2,2-dimethyl- 
l,3-dioxane-4,6-dione (Meldrum's acid). [66] 
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-CI o ^^Cl 



"a I Y "V~a 



r* 

H.COjCyX^COzCzHj Q *k JrCH 3 H 3 C0 2 C v ,X N ^ co^Hj 

A JL i. ch 3 ^ XX 9 9 

H 3 C N CH 2 OCH 2 COIm 2. C 2 H 5 OH H 3 C A N CHjOCHjCCHjCOQH, 



60% 



b) Af-Protected tetramic acid could be obtained by aminoacylation of Meldrum's 
acid via a /?-ketoester: [66a] 



O 

^ 2 ~ COOH CDI, ° °^' 3 HO. ° 

i* o" 
Boc-NH 



— ^™= — - "rD^ 



HO O 



O^COOC^ttft N v N 

reflux Boc Boc 



c) The imidazolide of monomethyl malonate reacted in a type of Claisen con- 
densation to give dimethyl j8-ketoglutarate. [39] 

CDI 
H 3 C0 2 CCH 2 C0 2 H THp > H 3 C0 2 CCH 2 COIm ^ H 3 C0 2 CCH 2 CCX:H 2 CX) 2 CH 3 

94% 



2-Methyl monoethyl malonate and 2-methylacetoacetic acid, however, did not give 
definite condensation products. 



P-Ketoesters from Pyrazolides 

Two further methods for the preparation of j8-ketoesters consist of the Reformatsky 
reaction of pyrazolides [67] (a) and the magnesium bromide-induced Claisen condensation 
ofpyrazolides [68] (b). 
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YVCOQH, 



a) l_ NCOQH, TH "^M f " > ^COCH^QH, 



CH 3 73% 



The pyrazolides were in turn synthesized from ^-protected amino acids, pyrazole, 
and thionyl chloride/triethylamine. Using iV-protected aminoacylpyrazoles, 4-amino-3- 
oxoalkanoic acid derivatives were thus conveniently prepared.^ 67 * 



CH 3V N CH 2 C 6 H 5 RirHrnrH/7n CH 2 C 6 H 5 

T N-CO-CHNHBoc B ^ CQ A*¥Z" > BocNH-CH-COC 

CH 3 47% 



!MgBr 2 _ 



[T NCOC 2 H 5 u 3 7 jy ^n g> T n-COCH-COC 2 H 5 

CH, a 



68% 



BF 3 CKC 2 H 5 ) 2 / CH 3 OH 9 H 3 
^ CH 3 2 C-CH"COC2H 5 



61% 



It is suggested that this reaction proceeds via a 5-membered C=0-Mg-N(2) chelate 
complex 

Br Br 
Mg 

CH 3 ^H 9 

-CH 2 CH 3 



^N-C-( 



CH, 



affording then the Claisen condensation product by action of a tertiary amine through the 
corresponding enolate. With pyrrolidine instead of methanol the related /Mcetoamide is 
obtained in 87% yield. t68] 
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14.6 /?-Diketones 

/F-Diketones from Reactions of an Imidazolide with a j?-Keto Acid Derivative 

a) The /?-ketoesters obtained by reaction of imidazolides with neutral magnesium 
salts of alkyl malonates can, after hydrolysis and further treatment with the corresponding 
magnesium salt, be acylated once again by imidazolides to give j?-diketones. [39] 



R'COCHjCOjH Mg( ^ H?>2 > (R , COCH 2 C0 2 ) 2 Mg R T 5^° > > R'COCHzCOR 2 

1 nr UMr 

R 1 R 2 Yield (%) 

^"6 5 ^-'**3 "^ 

C 6 H 5 tert-C+H) 62 

c-C 6 H n n-C 4 H9 76 

CH 3 3-pyridyl 87 



b) An intramolecular acylation of a j?-ketoamide is illustrated by the following 
example: [69] 




NaH 




XOIm THF,91% | .i 

C 6 H 5 CH 2 O O QH 5 CH 2 O O 



c) The intermolecular acylation of a 2-butyl-3-oxo-methyloctanoate furnished 2,4- 
dibutyl-3,5-dioxo-methyldecanoate. [70] 



ru JL Jl l.i50-(C 3 H 7 ) 2 NLi Ji JL Jl 

C 4 H 9 2.c 5 H„COlm C j^ C j^ 

60% 
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Probably because of steric hindrance at the a-carbon, acylation here takes place at the 
y-carbon. 

The imidazolide of 2-methylthiobenzoic acid was transformed with the thallium salt 
of ethyl acetoacetate into ethyl acetyl(2-methylthiobenzoyl)acetate. [71] 



0-Diketones and /f-Ketoesters from Reactions of Imidazolides with Lithium 
Enolates 

Organo copper and lithium enolates of cyclic ketones, lactones, and lactams or acyclic 
ketones are converted with acylimidazoles or imidazole-N-carboxylates into the corre- 
sponding j5-diketones or j5-ketoesters: 



a) 



Cu-C=C-C 3 H 7 



RO 



R=Si(CH 3 ) 2 -terf-C 4 H9 



CH 3 2 C(CH 2 ) s COIm 



C 2 HsOC 2 H 5 /HMPA 



JL C(XCH 2 ) 5 C0 2 CH 3 



RO 

40% [72] 



CH 3 2 C(CH 2 ),. -OCOIm^ (^J™^ 

RO 

41% [73] 



(CH 2 ) 3 C0 2 CH 3 



THF/HMPA 



^ Li® 



b) wo-C 3 H 7 COIm 



•a 



CH 



OCH 2 OCH 3 



C 6 H 5 CH 2 H • H 

°£r° 

C 2 H 5 



o 93 H7 ""° 



J VTCH 



vJC-HjOC^rl^ 



C 6 H 5 CH 2 H • 



CH 



H 



2 -X 

C2H 5 



93% [74] 



C0 2 CH 2 C 6 H 5 



c) QH 5 CH 2 OCOIm + e q^L X^OSi(CH 3 ) 2 - ten -QH, *> Q J^ X^OSKCHOr/m-QR, 



Li 



N 
® Boc 



N 
i 

Boc 

65% [75] 



With an acid chloride instead of the imidazolide, the yield was only 25%. 
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d) 



CH 3 COIm 



+ e o^C\ 



N C0 2 CH 3 
.© C0 2 -tert-C 4 H 9 



CH 3 -C 

^ XT 



N^ C0 2 CH 3 
C0 2 -tert-C 4 H 9 

72% [76] 



Further examples of this type are described in references [77]-[80]. 



e) 



C 2 H 5 OCOIm + 




OCH2C5H5 



HO I OCH 2 C 6 H 5 




C0 2 C 2 H 5 



rsi(CH 3 ) 3 

CH,COIm + :r — { 

©•'J-N 

Li terf-C^ 



H 3 C-C J^Si(CH 3 ) 3 

n 

O ^ 

Si(CH 3 ) 3 

terf -C 4 H 9 
82% [51] 



g) 



^1 

H 3 c^r^ 



C^rl-s C^rl-i LH-I 
CH, W 

IOI IOI 

coim e e 

OCH 2 C 6 H 5 



2 Li 



CH 3 CH 3 CH 3 CH 3 



46% [82] 
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14.7 a-Diketones and a-Ketoesters 



a-Diketones and a-ketoesters can be prepared in good yield from A^'-oxalyldiimidazole 
(a) or oxalic acid monoester imidazolide (b) and Grignard reagents. 



O O O O 

a) Im-C-C-Im + 2RMgBr > R-C-C-R 

THF 



Yield (%) [83] 



0-CH3QH4 80 

2,6-dimethylphenyl 70 
3-pyridyl 60 



O O O O 

b) R^C-C-Im + R 2 MgBr ^ R'O-C-C-R 2 

THF 



R 2 Yield (%) [84] 



C2-H5 ^6**5 72 

C 2 H 5 P-CIQH4 72 
tert-CJHg CfiHg 77_ 



14.8 Ketone and Ester Syntheses 



Reaction of Imidazolides with Grignard Reagents, Organolithium, and 
Organoaluminum Compounds 

The preparation of ketones proceeds conveniently by reaction of imidazolides with 
organomagnesium reagents, as shown in Table 14-6 for several examples of purely 
aromatic, aromatic-aliphatic, and purely aliphatic ketones. The yields are very satis- 
factory even for purely aliphatic ketones, since in this case, too, alcohol formation is 
completely suppressed. [85],[86J 



R'COIm + R 2 MgBr THp > R'COR 2 
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Table 14-6. Ketones from imidazolides and Grignard reagents. 



R' 



Yield (%) Ref. 



QH 5 
3-ClC 6 H 4 
CH 3 (CH 2 ) 4 
CH 3 (CH 2 ) 4 

H 3 C 



H 3 C 



CH 3 



QH 5 
QH 5 
C 6 H 5 
CH, 



^O OCR 



H 3 C CH 3 
w CH 2 - 




72 
94 
69 

74 

43 



[85] 
[85] 
[85] 
[85] 

[86] 



The intermediate addition product from the reaction of an imidazolide and a Grignard 
reagent could be isolated: [87] 



C 6 H 5 COIm + 4-C 6 H 5 C 6 H 4 MgBr 



OH 
-^ />-C 6 H 5 QH 4 -C-C 6 H 5 
Im 

75% 



Other reactions described are those of imidazolides with Grignard reagents, which are 
carried out in the presence of the catalysts trimethylsilyl triflate, iron trichloride, or iron 
trisacetylacetonate: 

a) Reaction in the presence of trimethylsilyl triflate. [88] ' t89] 

OH COIm 

-OH CH 3 MgBr (excess) 

CF 3 S0 2 OSi(CH 3 ) 3 , 1 equiv. 
THF, HMPA 

HMPA = hexamethylphosphoric 
triamide 

With boron trifluoride etherate instead of trimethylsilyl triflate the yield was 51%, 
without catalyst 40% and without catalyst and HMPA 25%. [88] ' [89] With CH 3 MgI instead 
of CH 3 MgBr the ketone is further transformed into a tertiary alcohol. [893 

b) Reaction in the presence of FeCl 3 . [90] 






M?c-C 4 H 9 MgCl 



FeCl 3 (10mole%) 



. MP 



H 3 C C-sec-C 4 H 9 



H 



80% 
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Sterically congested ketones have been prepared in good yield in this way without 
significant formation of alcohols. 

c) Reaction in the presence of iron trisacetoacetate Fe(acac) 3 . [91] 




sec-CJklgMgCl 
Fe(acac) 3 




58% 



Organolithium compounds such as 2-lithio-2-butene have been acylated by an imi- 
dazolide to give a ketone: [92] 



l.CDI 

2. CH 3 y^ CH3 

Li H O S-terf-C 4 H 9 

^ 




ch3 / Vy^Y s oc(c 6 h 5 ) 3 



60% 



The reaction of a polymer-bound imidazole-JV-carboxylate with a Grignard reagent 
leads to an ester: [93] 

(^CHa-OCOIm c ^f B ^ A ^ > (p^c^o-C-CHjCeft 



70% 



-polystyi^-C^-O-/^^ 



Another method for the preparation of ketones is the reaction of imidazolides, ben- 
zimidazolides, or benzotriazolides with organoaluminum compounds: t94] 



Example: 



CHaCOIm + C^blC^ ^ CH 3 COCA 

72% 
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Ketones from Reaction with Pyrazolides 

Ketones can also be synthesized from pyrazolides and small excess amounts of Grignard 



reagents 



[95] 



CH, 



J^ N . C OC 2 H 5 l-2e q uiv.C # I^gBr > ^^ 



67% 



Using optically active pyrazolides as auxiliary compounds, optical asymmetry in the 
ketones was retained to a comparable degree: [95] 



& 



" 3 C 6 H 5 l.LiWso-C&h J** 3 C 6 H 5 

WoCH 2 C 6 H 5 -*SH > rjTN-CX)^ 3 W» » QHsCO^ 3 

S^N QH 5 C 6 H 5 

W JL W 



H,C^CH, HjC^CHj 



63% (54% dc) 90%, (42% ee) 



Allyl Ketones from Imidazolides and Allyl Titanium(IV) Compounds 

Imidazolides are useful for the conversion of allyl titanium compounds into allyl 
ketones: [96] 



a) C 7 H I5 COIm + CH 2 =CHCH 2 Ti[N(C 2 H 5 ) 2 ] 3 r~ >- C 7 H 15 CO-CH 2 CH=CH 2 

THF 

89% 



In contrast to allyl magnesium chloride and allyl titanous triisopropoxide, allyl tita- 
nous trisdiethylamide reacts cleanly with imidazolides to give /?,y-unsaturated ketones 
practically free of concomitant carbinols. Furthermore, the products can be obtained free 
of isomers (a,/?-unsaturated ketones) if they are purified by distillation rather than 
chromatography. 

b) fran.s-2-Butenyl titanous trisdiethylamide reacts regioselectively with imidazo- 
lides to ketones under a double-bond shift in the allyl part (allyl inversion). [96] 
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C^COIm + CH 3 CH«CHCH 2 TS[N(C 2 H 5 ) 2 ] 3 THp > C 7 H l5 COCH(CH 3 )CH*CH 2 

85% 

Because in the case of a sterically crowded imidazolide the formation of a carbinol is 
more difficult, reaction with the titanium reagent or the corresponding Grignard com- 
pound produces the allyl ketone in about the same yield: [96] 

OA-S-oota CH,CH=CH(y<c^ > ^j* coj^-c* 

60% 

For further syntheses of /?,y-unsaturated ketones via imidazolides and pyrazolides see 
reference [96a]. 



Acylation of Aromatic Compounds 

Electron-rich aromatic compounds such as durene, p-dimethoxybenzene, mesitylene, 
anisole, thiophene, and fluorene can be benzoylated or acetylated by the corresponding 
Af-acylimidazole in trifluoroacetic acid to give the corresponding benzophenone or 
acetophenone derivative in good yield (Method A). As the actual acylating agent, a mixed 
anhydride of trifluoroacetic acid and benzoic acid has been proposed: [97] 



O O 



^ 



(A) C 6 H 5 COIm + CF 3 C0 2 H < -C C 6 H 5 -C-0-OCF 3 + ImH 

O O 
C 6 H 5 -C-0-C-CF 3 + ArH > QHjCOAr + CF 3 C0 2 H 

Reaction conditions: reflux of a mixture of the aromatic compound, Af-benzoylimid- 
azole, and trifluoroacetic acid in a molar ratio of 1 : 1.2 : 10. This method for acylating 
aromatic hydrocarbons works without the use of classical Friedel-Crafts catalysts. 

In method B, iV-trifluoroacetylimidazole and carboxylic acids are the acylating 
reagents. This method is also thought to proceed via a carboxylic trifluoroacetic anhy- 
dride. This second system is a very convenient reagent for obtaining aromatic ketones 
because of the use of free carboxylic acids: [97] 

O O 
(B) CF 3 COIm + RC0 2 H > CF 3 -C-0-C-R + ImH 

O O 
CF 3 -C-0-C-R + ArH > RCOAr + CF 3 C0 2 H 
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Reaction conditions: reflux of a mixture of aromatic substrate, carboxylic acid, and 
iV-trifluoroacetic imidazolide in a molar ratio of 1 : 1.2: 1.2 in trifluoroacetic acid. A 
comparison of methods A and B (see above) is presented in Table 14.7. 



Table 14-7. Syntheses of aromatic ketones by acylation [971 



Aromatic hydrocarbon 


Ketone 


Yield (%) 






method A 


method B 


durene 


3-C 6 H 5 CO-durene 


77 


99 


p-dimethoxybenzene 


2-C6H5CO-p-dimethoxybenzene 


73 


95 


mesitylene 


2-C 6 H 5 CO-mesitylene 


78 


98 


thiophene 


2-C 6 H 5 CO-thiophene 


80 


quant. 


anisole 


4-C 6 H 5 CO-anisole 


86 


98 


anthracene 


9-C 6 H 5 CO-anthracene 


— 


82 


m -xylene 


4-C 6 H 5 CO-m-xylene 


— 


66 


p -xylene 


2-C 6 H 5 CO-p-xylene 


— 


8 


toluene 


4-C 6 H 5 CO-toluene 


— 


5 


benzene 








— 


fluorene 


2-C 6 H 5 CO-fluorene 


80 


91 


fluorene 


2-CH 3 CO-fluorene 


89 


82 


fluorene 


2-p -CHgCX^CO-fluorene 


93 


95 


fluorene 


2-p -ClC 6 H 4 CO-fluorene 


76 


79 


fluorene 


2-p -N0 2 C 6 H 4 CO-fluorene 


16 


15 



method A :C 6 H 5 COIm 
method B : CF 3 COIm / 



/CF 3 C0 2 H, reflux, 5h 
QH5CO2H / CF 3 C0 2 H, reflux, lOh 



While benzene could not be acylated according to method A, such an acylation did 
succeed with triazolides in a Friedel-Crafts-type reaction: [98] 
Example: 



• N-C-CH3 



O 



Aia 3 



80 °C, 0.5 - 3 h 



a 



76% 



O 

11 

CCH, 



1-Acylimidazoles and l-acyl-3,5-dimethylpyrazoles reacted with phenols and phenol 
ethers in the presence of A1C1 3 and at higher temperatures (1 10-120 °C) to give ketones 
in moderate yield. t99] 
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14.9 Syntheses of /?-Ketosulfoxides, /^Ketosulfones, 
and Diarylsulfoxides 



Sulfoxides and sulfones are acylated in the a-position by aroyl- or acylimidazoles in the 
presence of methyllithium as base: [100] 

C H 3 SOCH ?> r (j ^ 65% 




/CH 3 U 

r N \ 

:oim \ 




coch 2 soch 



COIm XCH^CH^ f „ ^ 6?% 



CH 3 Li V^V^N 



COCH,SO,CH 



L 2 ovy 2 ^n 3 



In the reaction of 1,3-dithiane oxide anions with JV-acylimidazoles the optimum 
procedure involved a sodium hexamethyldisilazide/butyllithium mixture as base: [101] 

O 

ii 

CH 3 COIm >* I T 

3 NaN[Si(CH 3 ) 3 ] 2 / QH^i k^S 

85% 

Treatment of arylmagnesium bromides with iV^'-sulfinyldiimidazole yields diaryl- 
sulfoxides: [102] ' [103] 

ImSOIm + p-CH 3 OC 6 H 4 MgBr > (p-CH 3 OC 6 H 4 ) 2 SO 

60% 

Acylation with imidazolides of a cyclopropane-CH activated by a phenylsulfonyl 
group proceeded under ring-enlargement to give a dihydrofuran system: [103al 

R-CJH5.90* 
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14.10 Acylsilanes and Electroreductive Acylations 



a) Enoxysilanes can be prepared in moderate yield (30-35%) from azolides, tri- 
methylsilylchloride and magnesium to give, after acid hydrolysis, the corresponding 
acylsilanes. [104] 



C H -CH -C-/* V (CH 3 > 3 SiC1/M g /HMPT > c H -CH=C- Si(CH3>3 
C 2 H 5 CH 2 C N^J m - 0OQ 16h > C 2 H 5 CH-C. 0S . (CH3)3 



H ,H 2 



C 2 H 5 -CH 2 -C-Si(CH 3 ) 3 



b) A similar synthesis of acylsilanes is achieved by employing electrochemistry 
instead of a metal: [105] 



5 equiv. (CH.).SiCl, + e e 
C ' H " COIm (C 4 H 9 ) 4 NC10;:THF > C 7 H l5 COSi(CH 3 ) 3 

73% 



For the reaction mechanism see reference [105]. 

If cinnamic acid imidazolide is introduced into this reaction, the double bond of the 
corresponding acylsilane is reduced as well. [105] 

c) The electroreductive acylation of aromatic imines by means of imidazolides 
leads to a-aminoketones or a-aminoesters. The reaction proceeds inter- and intramole- 
cularly in the presence of trimethylchlorosilane as trapping agent. [106] 



N tx 



och 3 



+ 2<£ 


(CH 3 ) 3 Si / *T\ 


LRCOIm (^V 9 
2.H 2 ^ k>,A^C-R 


(CH 3 )3SiCl 






R Yield (%) 
iro-C 3 H 7 60 
OCHj 62 
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14.11 Formylation of Metal Carbonyl Complexes 



Azoiides are also capable to acylate anionic metal carbonyl compounds. For instance, 
disodium tetracarbonylferrate as well as the corresponding ruthenium and osmium 
compounds can be formylated with formylimidazole in the presence of boric acid methyl 
ester: 



80% 



The imidazolide and the catalyst are combined in a molar ratio of 1 : 2. Without 
catalyst the formylation of Na 2 Fe(CO) 4 yielded only NaFeH(CO) 4 and carbon monoxide 
quantitatively. 11071 

A Lewis acid is also necessary for the acetylation of tetracarbonylferrate using JV- 
acetylimidazole. In the absence of a Lewis acid, a Claisen-type condensation product was 
formed, which has been synthesized independently from 2 moles of Af-acetylimidazole 
with sodium terf-butanolate in tert-butyl alcohol (55% yield) or with imidazole sodium in 
THF (95% yield): 



Na 

kt ^ ,~xv C H^COIm ^ O O ten -CJLONa » •*> 

Na 2 Fe(CO) 4 2 >> l \\ ^ < —^ 2 CH 3 -C-N N 



JV-Pivaloyl- and JV-benzoylimidazole, however, acylate Na 2 Fe 3 (CO) 4 both in the 
presence and in the absence of a Lewis acid, but the reaction takes place at a higher rate 
in the presence of the Lewis acid, which increases the susceptibility of Af-acylimidazole 
to nucleophilic attack. [107] 



14.12 Synthesis of v-Pyrones, Lactones, 3(2//)-Furanones, 
and 7-Pyridones 



y-Pyrones, lactones, 3(2//)-furanones, and y-pyridones can be synthesized by C-acylation 
of enolates with acylimidazoles, CDI, and oxalyldiimidazole, respectively, and sub- 
sequent cyclization; a-pyrones and isoflavones are formed by acylation of an activated 
CH 2 -group without use of a base, followed by cyclization. 
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Synthesis of y-Pyrones 

9 0K e 



'Ml > JM] 



a) c-C 6 H M COIm + CH; 

"OCH 3 inr c-C 6 H u ^o' 

60% [108] 

If c-C 6 HnCOCl is used instead of the imidazolide, the yield of the y-pyrone is only 
23%. t108 ^ For an analogous reaction see also reference [109]. 

b) In the formylation of benzyl 2,4,6-trihydroxyphenyl ketone to give an isoflavone, a 
/J-ketoaldehyde has been proposed as an intermediate^ 1101 



T £ HCOIm 

>^COCH 2 C 6 H 5 THF 

OH 



HO^^^OH 



OH OH O 



HO^^s^O 

C 6 H 5 



OH O 
76% 
This reaction did not require protection of hydroxyl groups. 

Synthesis of ot-Pyrones, 5(2//)-Furanones an d Other Lactones 

A kind of Claisen condensation via the imidazolide of a monoester of acetone 
dicarboxylic acid with subsequent lactonization to give an a-pyrone is described in 
reference [39]. Only with the tert-butyl ester the yield of a-pyrone was high. 

OH o O 

CDI f5^V MssX ^OR 

R0 2 CCH 2 C0CH 2 C0 2 H TWF > prvr 1 J^ 



THF R0 2 C vX ^^A ri 



R = tert-C 4 H 9 , 92%; CH 3 , 16% 

Another synthesis of an a-pyrone is achieved by reaction of an acetoacetate with a 
pyrazolide: [110a] 

1. C 2 H 2 I, NaH, C4H9U, THF 

O N 

2. C 6 H 5 CH 2 0(CH2)2C-nJ 
O OH 



CH^ 
OCH 2 C 6 H 5 



CHs-W^ 3. DBU, benzene, 6TC w^y^v^ 

W 5 . A Q 49% (CH^ 2 ° ° 
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In the following reactions involving CDI and a base like lithium diisopropylamide, a 
C=0 group is formally inserted between a hydroxy- and a CH-function of an a-hydro- 
xyketone leading to 5(2//) furanones and other lactones; using A^'-oxalyldiimidazole 
the oxalyl group —CO— CO— is inserted. Keying synthetic operations of this manner 
provides easy access to tetronic acids (a), to fungus pigments grevillin and pulvinone (b), 
to an enollactone intermediate in the total synthesis of the antibiotic ( + )-actinobilin (c) 
and to the antibacterial 3-methoxy-2-isooxacephem (d). 



a) 



O C 6 H 5 
OH 



l.(w0-C 3 H 7 ) 2 NLi 

2. CDI 

THF 



HO C 6 H 5 



O 

57% [111] 



b) 



l.LiN(w0-C 3 H 7 ) 2 
2. ImCOCOIm 



<y / 



\ 1. LiN(i 
\ 2. CDI 



JL 56% [113] 

u V^^f 0H dihydrogrevillin 

™ * r^o^o 

r2 R 1 = /7-CH3OC4H 

R 2 =3,4-(CH 3 0) 2 C 6 H 3 
LiN(w0-C 3 H 7 ) 2 R 1 



THF 



OH Vy°50%[113] 

3—0 dihydropulvinone 



R z 



c) 




R = p-CH 3 C 6 H 4 CH 2 S0 2 



80% [112] 
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d) 1. CDI, CH 2 C1 2 

H 2. LiN(Si(CH3)3) 2 , THF H 

p-j^OH 3.0^, ether Hi ° 

° s caa,cactt,ciL-p-Na ° T 



och 3 

C0 2 CH 2 C 6 H 4 -/>-N0 2 



64% [21] 



Synthesis of 3(2/7)-Furanones 

A key step in the approach to 3(2/f)-fiiranone ring systems via the acid-catalyzed 
cyclization-dehydration of appropriately substituted a'-hydroxy-l,3-diketones involves 
the acylation of a-hydroxy-ketone dianions: [114] 



O O CH 3 

3. 2nHC1 

76% [114] 



Synthesis of y-Pyridones 

y-Pyridones can be synthesized by reaction of 2-dieneamines with CDI, thereby inserting 
the CO group between two carbon atoms. The reaction takes place in the presence of 



BF 3 0(C 2 H 5 ) 2 . [115] 




H H 

p 1 N p 1 d 1 N p 1 

T 1 a ^ w ^°^^ > YY 

R 2 ^ k R 2 R 2 - A *y A R 2 

O 


R 1 R 2 Yidd(%) 

CA CH 3 80 
c-QH a CH3 75 
Cfa C^CHCCHak 87 



With ImCSIm a corresponding reaction did not proceed. [115] 
In the reaction of an enamine with CDI, /J-enaminocarbonylimidazoles are 
obtained: [115a] 
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H ?A 

^j, THF, reflux ^V*° 

Im 

84% 



14.13 Syntheses of Isocyclic Compounds 



Indenes 

The key step in the following synthesis of indenes by the azolide method is an intra- 
molecular C-acylation of a fulvene intermediate. The added dimethylaminopyridine 
(DMAP) was thought to act as an acyltransfer agent, and diazabicycloundecene (DBU) 
as cyclization initiator via fulvene deprotonation: [II6] 



q n cti n 

6 

DMAP /DBU OCOCH, OH 

CH 3 COi 

43% overall yield 

This cyclocondensation reaction has also been examined with substituted levulinic 
acids: 



OH O 

41% 27% 

The ease of the synthesis makes this a valuable general method for the preparation of 
a variety of indenes despite moderate yields and prolonged reaction times. [1I6J 




14.13 Syntheses oflsocyclic Compounds 391 

Cyclobutane and Benzene Rings 

Substituted cyclobutanes or benzene rings are formed by the reaction of imidazolides 
with suitable double-bond systems. 

a) Synthesis of cyclobutanone rings 

As starting material for the formation of a cyclobutanone ring, a silylated 
cyclopropylcarboxylic acid imidazolide was prepared in high yield by a Ni(CO) 4 - 
induced reductive carbonylation of 1,1-dibromocyclopropane with imidazole. The 
success of this selective transformation into a cyclobutanone ring depends on the 
presence of the imidazolide moiety, the trimethylsilyl group, fluoride-containing 
reagents, and the solvent acetonitrile. A ketene is presumably formed as an intermediate 
after fragmentation of the cyclopropyl carboxylic imidazolide, because subsequent 
hydrolysis yields the corresponding carboxylic acid. [117] 



(CH^Si^J^Bf 



ImH 



i I ° COAHs 

/ 65% 



\ 

^° CH 3 CN, reflux o JJ s C0 2 C 2 H 5 

OOyQA 

83% 



b) Synthesis of benzene rings 

Tris(trimethylsiloxy)-methoxy hexatriene undergoes with aliphatic imidazolides in 
the presence of a Lewis acid a 5C + 1C cyclocondensation reaction leading to aromatic 
products: [118] 



(CH3) S 
(CH^Si Si SUCBft OH 

j> j> J> CHsCQIm ^ ^VCOjCHa 

>50% 
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If CDI is employed as imidazolide, methyl 2,4,6-trihydroxybenzoate is obtained in 
47% yield. Propionyl-l,2,4-triazole behaves in the same way as the imidazolides, giving 
similar yields (50%), but the benzotriazolides and benzimidazolides were not as effective. 
The o-nitrophenyl and p-chlorophenyl esters of propionic acid did not lead to any aro- 
matic products. 11 18J Similar 5C + 1C condensation reactions are described in references 
[119] and [120]. 



o~"og ? H 




rTia«, Ti(0-wo-C^H 7 )4 

(CH&Si Si Si(CH3)3 

O O O 60% [119] 



\Q- c ° im 



OH 



COjCHa 
65% [120] 




References 



[1] H. J. Bestmann, N. Sommer, H. A. Staab, Angew. Chem. 1962, 74, 293; Angew. Chem. Int. Ed. 

1962, 7, 270. 
[2] H. A. Staab, N. Sommer, Angew Chem. 1962, 74, 294; Angew. Chem. Int. Ed. 1962, 1, 270. 
[3] M. Miyano, M. A. Stealey, J. Org. Chem. 1975, 40, 2840-2841. 
[4] W. R. Roush, H. R. Gillis, J. Org. Chem. 1980, 45, 4283-4287. 
[5] S. Jarosz, D. Mootoo, B. Fraser-Reid, Carbohydr. Res. 1986, 147, 59-68. 
[6] S. Jarosz, Tetrahedron Lett. 1988, 29, 1193-1196. 
[7] S. Masamune, H. Yamamoto, S. Kamata, A. Fukuzawa, J. Am. Chem. Soc. 1975, 97, 3513-3515; 

S. Masamune, G. S. Bates, J. W. Corcoran, Angew. Chem. 1977, 89, 602-624; Angew. Chem. Int. 

Ed. Engl. 1977, 16, 585. 
[8] M. Honda, K. Hirata, H. Sueoka, T. Katsuki, M. Yamaguchi, Tetrahedron Lett. 1981, 22, 2679- 

2682. 
[9] W. Walter, M. Radke, Liebigs Ann. Chem. 1973, 636-649. 
[10] C. Larsen, D. N. Harpp, J. Org. Chem. 1981, 46, 246S-2466. 
[11] M. E. Jung, D. D. Grove, J. Chem. Soc, Chem. Commun. 1987, 753-755; M. E. Jung, D. D. Grove, 

S. I. Khan, J. Org. Chem. 1987, 52, 4570-4573. 
[12] D. C. Baker, S. R. Putt, Synthesis 1978, 478-479. 



References 393 

[13] R. Tamura, D. Oda, H. Kurokawa, Tetrahedron Lett. 1986, 27, 5759-5762. 

[14] R. L. Crumbie, J. S. Nimitz, H. S. Mosher, J. Org. Chem. 1982, 47, 4040-4045. 

[15] N. Ono, M. Fujii, A. Kaji, Synthesis 1987, 532-535. 

[16] K. Nakamura, T. Kitayama, Y. Inoue, A. Ohno, Tetrahedron 1990, 46, 7471-7481. 

[17] M. V. Prostenik, I. Butula, Angew. Chem. 1982, 94, 139-140; Angew. Chem. Int. Ed. 1982, 21, 

139. 
[18] G. Sauve, N. LeBerre, B. Zacharie, J. Org. Chem. 1990, 55, 3002-3004. 
[19] N. Haider, G. Heinisch, S. Offenberger, Pharmazie 1989, 44, 598-601. 
[20] S. Ohta, T. Yuasa, Y. Narita, I. Kawasaki, E. Minamii, M. Yamashita, Heterocycles 1991, 32, 

1923-1931. 
[21] H. Nitta, M. Hatanaka, I. Ueda, J. Chem. Soc., Perkin Trans. 1 1990, 432-433. 
[22] S. Ohta, Y. Narita, M. Okamoto, S. Hatakeyama, K. Kan, T. Yuasa, K. Hayakawa, Chem. Pharm. 

Bull. 1990, 38, 301-306. 
[23] A. Banerji, R. B. Jones, G. Mellows, L. Phillips, K.-Y. Sim, J. Chem. Soc., Perkin Trans. 1, 1976, 

2221-2228. 
[24] G. Bram, M. Vilkas, Bull. Soc. Chim. France 1964, 945-951. 
[25] E. Suzuki, H. Sekizaki, S. Inoue, J. Chem. Research (S) 1977, 200. 
[26] M. T. Reetz, M. W. Drewes, B. R. Matthews, K. Lennick, J. Chem. Soc, Chem. Commun. 1989, 

1474-1475. 
[27] J. Maibaum, D. H. Rich, J. Org. Chem. 1988, 53, 869-373. 

[28] T. Honma, Y. Tada, I. Adachi, K. Igarashi, J. Heterocycl. Chem. 1989, 26, 629-634. 
[29] P. F. Schuda, W. J. Greenlee, P. K. Chakravarty, P. Eskola, J. Org. Chem. 1988, 53, 873-875. 
[30] R. Steulmann, H. Klostermeyer, Liebigs Ann. Chem. 1975, 2245-2250. 
[31] O. Hara, Y. Hamada, T. Shioiri, Synlett 1991, 283-284. 

[32] R. F. Chapman, N. I. J. Phillips, R. S. Ward, Tetrahedron 1985, 41, 5229-5234. 
[33] P. Raddatz, H.-E. Radunz, G. Schneider, H. Schwartz, Angew. Chem. 1988, 100, 414-415; Angew. 

Chem. Int. Ed. 1988, 27, 426; M. Descamps, D. Nisato, W. Verstraeten, EP 225311 A2, 1987 

[Chem. Abstr. 1988, 70<S:132313n]. 
[34] C. K. Zercher, M. J. Miller, Tetrahedron Lett. 1989, 30, 7009-7012. 
[35] A. Padwa, A. T. Price, J. Org. Chem. 1995, 60, 6258-6259. 
[36] M. Okamoto, S. Ohta, Chem. Pharm. Bull. 1980, 28, 1071-1076. 
[37] M. T. Cox, A. H. Jackson, G. W. Kenner, S. W. McCombie, K. M. Smith, J. Chem. Soc, Perkin 

Trans. 1 1974, 516-527. 
[38] M. Glanzmann, C. Karalai, B. Ostersehlt, U. Schoen, C. Frese, E. Winterfeldt, Tetrahedron 1982, 

38, 2805-2810. 
[39] S. Ohta, A. Tsujimura, M. Okamoto, Chem. Pharm. Bull. 1981, 29, 2762-2768. 
[40] B. Ternai, M. L. Cook, PCT Int. Appl. WO 8810258 Al, 1988 [Chem. Abstr. 1989, 770:192652y]. 
[41] D. W. Brooks, L. D.-L. Lu, S. Masamune, Angew. Chem. 1979, 91, 76-77; Angew. Chem. Int. Ed. 

1979, 18, 
[41a] M. Ghosh, M. J. Miller, Tetrahedron 1996, 52, 4225-4238. 
[42] W. G. Dauben, T. A. Lewis, Synlett 1995, 857-^858. 
[43] D. W. Brooks, J. T. Palmer, Tetrahedron Lett. 1983, 24, 3059-3062. 
[44] M. A. Williams, M. J. Miller, N. P. Rath, J. Org. Chem. 1991, 56, 1293-1296. 
[45] S. Hashiguchi, A. Kawada, H. Natsugari, Synthesis 1992, 403-408. 
[46] Y. Todo, J. Nitta, M. Miyajima, Y. Fukuoka, Y. Yamashiro, N. Nishida, I. Saikawa, H. Narita, 

Chem. Pharm. Bull. 1994, 42, 2063-2070. 
[46a] A. G. Myers, V. Subramanian, M. Hammond, Tetrahedron Lett. 1996, 37, 587-590. 
[47] S. Ikegami, S. Hashimoto, S. Kurozumi, JP 6379883 A2, 1988 (Chem. Abstr. 1988, 109: 1701 13a]. 
[48] P.-F. Deschenaux, A. Jacot-Guillarmod, Helv. Chim. Acta 1990, 73, 1861-1864. 
[49] G. Neyer, J. Achatz, B. Danzer, I. Ugi, Heterocycles 1990, 30, 863-869. 
[50] T. Okonogi, S. Shibahara, Y. Murai, S. Inouye, S. Kondo, B. G. Christensen, Heterocycles 1990, 

31, 791-795. 
[51] T. N. Salzmann, R. W. Ratcliffe, B. G. Christensen, F. A. Bouffard, J. Am. Chem. Soc. 1980, 102, 

6161-6163. 



394 14 C-Acylations by Azolides 

[52] H. Mastalerz, M. Menard, Heterocycles 1991, 32, 93-98. 

[53] M. Murakami, T. Aoki, W. Nagata, Synlett 1990, 684-686. 

[54] B. G. Christensen, D. H. Shin, EP 54917 A2, 1982 [Chem. Abstr. 1983, 9S:16501y]; B. G. 

Christensen, D. H. Shih, U.S. US 4350631 A, 1982 [Chem. Abstr. 1983, 9S:53535h]; B. G. 

Christensen, D. H. Shih, EP 30032, 1981 [Chem. Abstr. 1981, 95: 150432t]; B. G. Christense, R. 

W. Ratcliffe, T. N. Salzmann, EP 37080 Al, 1981 [Chem. Abstr. 1982, Ptf:85315m]; J. M. Morin, 

W. C. Vladuchick, EP 345997 A2, 1989 [Chem. Abstr. 1990, 773:152747p]. 
[55] J. Haeusler, Liebigs Ann. Chem. 1983, 982-992. 
[56] S. L. Hartzell, M. W. Rathke, Tetrahedron Lett. 1976, 2757-2760. 
[57] S. Inoue, Y. Sato, Organometallics 1990, 9, 1325-1326. 
[58] M. J. Bourgeois, E. Montaudon, M. Campagnole, B. Maillard, Bull. Soc. Chim. Belg. 1982, 91, 

871-872. 
[59] B. D. Harris, M. M. Joullie, Tetrahedron 1988, 44, 3489-3500. 
[60] R. L. Dow, J. Org. Chem. 1990, 55, 386-388. 

[61] W. R. Li, W. R. Ewing, B. D. Harris, M. M. Joullie, J. Am. Chem. Soc. 1990, 112, 7659-7672. 
[62] M. Ogata, T. Yoshimura, H. Fujii, Y. Ito, T. Katsuki, Synlett 1993, 72&-730. 
[63] X. Wang, W. T. Monte, J. J. Napier, A. Ghannam, Tetrahedron Lett. 1994, 35, 9323-9326. 
[64] T. S. Mansour, C. A. Evans, Synth. Commun. 1990, 20, 773-781. 
[65] T. S. Mansour, Synth. Commun. 1989, 19, 659-665. 
[66] D. Alker, S. F. Campbell, P. E. Cross, R. A. Burges, A. J. Carter, D. G. Gardiner, J. Med. Chem. 

1989, 32, 2381-2388; D. Alker, P. E. Cross, S. F. Campbell, EP 132375 A2, 1985 [Chem. Abstr. 
1985, 703:54O93w]. 

[66a] S. Hamilakis, D. Kontonassios, C. Sandris, J. Heterocycl. Chem., 1996, 33, 825-S29. 

[67] C. Kashima, I. Kita, K. Takahashi, A. Hosomi, J. Heterocycl. Chem. 1995, 32, 723-725. 

[68] C. Kashima, K. Takahashi, K. Fukusaka, J. Heterocycl. Chem. 1995, 32, 1775-1777. 

[69] D. R. Williams, S. Y. Sit, J. Org. Chem. 1982, 47, 2846-2851. 

[70] R. L. Shone, J. R. Deason, M. Miyano, J. Org. Chem. 1986, 51, 268-270. 

[71] S. Jones, P. D. Kennewell, R. Westwood, P. G. Sammes, J. Chem. Soc, Chem. Commun. 1990, 

497-498. 
[72] T. Tanaka, S. Kurozumi, T. Toru, M. Kobayashi, S. Miura, S. Ishimoto, Tetrahedron 1977, 33, 

1105-1112. 
[73] T. Tanaka, N. Okamura, K. Bannai, A. Hazato, S. Sugiura, K. Manabe, S. Kurozumi, Tetrahedron 

Lett. 1985, 26, 5575-5578. 
[74] R. K. Boeckman, S. K. Yoon, D. K. Heckendorn, J. Am. Chem. Soc. 1991, 113, 9682-9684. 
[75] K. Tanaka, S. Yoshifuji, Y. Nitta, Chem. Pharm. Bull. 1986, 34, 3879-3884. 
[76] N. Tamura, Y. Matsushita, T. Iwama, S. Harada, S. Kishimoto, K. Itoh, Chem. Pharm. Bull 1991, 

39, 1199-1212. 
[77] E. J. Thomas, J. W. F. Whitehead, J. Chem. Soc, Perkin Trans. 1 1989, 499-505. 
[78] S. A. Harkin, R. H. Jones, D. J. Tapolczay, E. J. Thomas, J. Chem. Soc., Perkin Trans. 1 1989, 

489-497. 
[79] E. Merifield, E. J. Thomas, J. Chem. Soc, Chem. Commun. 1990, 464-466; E. J. Thomas, J. P. 

Watts, ibid., 1990, 467-468. 
[80] T. Kaiho, T. Suzuki, M. Maruyama, M. Hirayama, JP 01279884 A2, 1989 Heisei [Chem. Abstr. 

1990, 7i2:198358v]. 

[81] K. Kojima, K. Koyama, S. Amemiya, S. Saito, Chem. Pharm. Bull. 1987, 35, 948-956. 

[82] H. Arimoto, S. Nishiyama, S. Yamamura, Tetrahedron Lett. 1990, 31, 5491-5494; H. Arimoto, 

S. Nishiyama, S. Yamamura, Tetrahedron Lett. 1990, 31, 5619-5620. 
[83] R. H. Mitchell, V. S. Iyer, Tetrahedron Lett. 1993, 34, 3683-3686. 
[84] J. S. Nimitz, H. S. Mosher, J. Org. Chem. 1981, 46, 211-213. 
[85] H. A. Staab, E. Jost, Liebigs Ann. Chem. 1962, 655, 90-94. 
[86] R. Tschesche, J. Reden, Liebigs Ann. Chem. 1974, 853-863. 

[87] A. Galiano Ramos, G. Del Sol Moreno, ES 539345 Al, 1986 [Chem. Abstr. 1987, 707:23335e]. 
[88] M. Suzuki, T. Matsumoto, R. Abe, Y. Kimura, S. Terashima, Chem. Lett 1985, 57-60. 



References 395 

[89] Y. Kimura, M. Suzuki, T. Matsumoto, R. Abe, S. Terashima, Bull. Chem. Soc Jpn. 1986, 59, 415- 

421. 
[90] A. Bhattacharya, J. M. Williams, J. S. Amato, J. H. Dolling, E. J. J. Grabowski, Synth. Commun. 

1990, 2683-2690. 
[91] A. Bhattacharya, U. H. Dolling, J. S. Amato, J. M. Williams, EP 367502 Al, 1990 [Chem. Abstr. 

1990, 773:132584e]. 
[92] M. J. Munchhof, C. H. Heathcock, J. Org. Chem. 1994, 59, 7566-7567. 
[93] J. R. Hauske, P. Dorff, Tetrahedron Lett. 1995, 36, 1589-1592. 
[94] G. A. Tolstikov, F. K. Valitov, A. V. Kuchin, Dokl. Akad. Nauk SSSR 1982, 265, 1406-1410; 

[Chem. Abstr. 1983, 95:52710z]. 
[95] C. Kashima, I. Kita, K. Takahashi, A. Hosomi, J. Heterocycl Chem. 1995, 32, 25-27. 
[96] M. T. Reetz, B. Wenderoth, R. Urz, Chem. Ber. 1985, 118, 348-353. 
[96a] V. J. Bryan, T.-H. Chan, Tetrahedron Lett. 1997, 38, 6493-6496. 
[97] T. Keumi, H. Saga, H. Kitajima, Bull. Chem. Soc. Jpn. 1980, 53, 1638-1641. 
[98] Z. N. Fidler, E. F. Shibanova, V. A. Lopyrev, M. G. Voronkov, Zh. Org. Khim. 1978, 14, 2236- 

2237. 
[99] W. Ried, H.-J. Schubert, Liebigs Ann. Chem. 1962, 653, 181-183. 
[100] C. Alvarez Ibarra, R. Cuervo Rodriguez, M. C. Fernandez Monreal, F. J. Garcia Navarro, J. Martin 

Tesorero, J. Org. Chem. 1989, 54, 5620-5623. 
[101] P. C. B. Page, M. T. Gareh, R. A. Porter, Tetrahedron Lett. 1993, 34, 5159-5162. 
[102] S. Bast, K. K. Andersen, J. Org. Chem. 1968, 33, 846-847. 
[103] K. H. Bell, J Chem. Soc, Perkin Trans. 1 1988, 1957-1960. 
[103a] M. Pohmakotr, A. Takampon, J. Ratchataphusit, Tetrahedron 1996, 52, 7149-7158. 
[104] P. Bourgeois, J. Dunogues, N. Duffaut, J. Organomet. Chem. 1974, 80, C 25-C 26. 
[105] N. Kise, H. Kaneko, N. Uemoto, J. Yoshida, Tetrahedron Lett. 1995, 36, 8839-8842. 
[106] T. Shono, N. Kise, N. Kunimi, R. Nomura, Chem. Lett. 1991, 2191-2194. 
[107] P. A. Kongshaug, K. R. Haugen, R. G. Miller, J. Am. Chem. Soc. 1982, 104, 627-629; P. A. 

Kongshaug, R. G. Miller, Organometallics 1987, 6, 372-378. 
[108] T. A. Morgan, B. Ganem, Tetrahedron Lett. 1980, 21, 2773-2774. 
[109] S. Lociuro, T. Y. R. Tsai, K. Wiesner, Tetrahedron 1988, 44, 35-40. 
[110] H. G. Krishnamurty, J. S. Prasad, Tetrahedron Lett. 1977, 3071-3072. 
[110a] Y. Ishibashi, S. Ohba, S. Nishiyama, S. Yamamura, Tetrahedron Lett. 1996, 37, 2997-3000. 
[Ill] P. J. Jerris, P. M. Wovkulich, A. B. Smith, Tetrahedron Lett. 1979, 4517-4520. 
[112] R. S. Garigipati, D. M. Tschaen, S. M. Weinreb, J. Am. Chem. Soc. 1985, 107, 7790-7792. 
[113] M. Gill, M. J. Kiefel, Tetrahedron Lett. 1988, 29, 2085-2088; M. Gill, M. J. Kiefel, D. A. Lally, A. 

Ten, Aust. J. Chem. 1990, 43, 1497-1518. 
[1 14] A. B. Smith, P. A. Levenberg, P. J. Jerris, R. M. Scarborough, P. M. Wovkulich, J. Am. Chem. Soc. 
1981, 103, 1501-1513; P. Sampson, V. Roussis, G. J. Drtina, F. L. Koerwitz, D. F. Wiemer, J. 
Org. Chem. 1986, 51, 2525-2529. 
[115] J. Barluenga, R. Perez Carlon, F. J. Gonzalez, S. Fustero, Tetrahedron Lett. 1990, 31, 3793-3796; 

J. Barluenga, F. J. Gonzalez, R. Perez Carlon, S. Fustero, J. Org. Chem. 1991, 56, 6751-6754. 
[115a] S. Fustero, M. D. Diaz, R. P. Carlon, Tetrahedron Lett. 1993, 34, 725-728. 
[116] J. W. Coe, M. G. Vetelino, D. S. Kemp, Tetrahedron Lett. 1994, 35, 6627-6630. 
[117] T. Hirao, D. Misu, T. Agawa, J. Chem. Soc, Chem. Commun. 1986, 26-27. 
[118] T. H. Chan, D. Stossel, J. Org. Chem. 1986, 51, 2423-2428. 
[119] D. Stossel, T. H. Chan, J. Org. Chem. 1988, 53, 4901-4908. 
[120] D. Stossel, T. H. Chan, J. Org. Chem. 1987, 52, 2105-2106. 



Azolkks in Organic Synthesis end Biochemistry. H. A. Staab, H. Bauer, K. M. Schneider 

Copyright © 2002 Wiiey-VCH Vtertag GmbH & Co. KGaA 

ISBNs: 3-527-29314-0 (Hardback); 3-527-60083-3 (Electronic) 



15 Reduction of Azolides to Aldehydes and 
Alcohols 



Aldehydes from Carboxylic Acids via Imidazolides 



Af-Acylimidazoles are easily reduced to the corresponding aldehydes with LiAlH 4 in THF 
or ether as solvent. [1] Thus, aliphatic, conjugated aliphatic, aromatic, conjugated aro- 
matic, and heteroaromatic aldehydes can all be obtained in this way in moderate to high 
yields. 



RCO,H 



CDI 



W 1 



N-C-R 



LiAlH 4 



l 
-Al- 

I N-CH-R 



-> RCHO 



Reductions are usually carried out with from 0.25 mole to more than lmole of 
LiAlHj per mole of imidazolide, and from — 20 °C up to room temperature for 30 to 
60min (Method a). The reaction from carboxylic acid to an aldehyde can also be con- 
ducted as a one-pot procedure (Method b). tl] However, in this case an additional 
0.25 mole of LiAlHj is required, because the imidazolide solution resulting from the 
A^'-carbonyldiimidazole (CDI) reaction with the carboxylic acid, contains 1 mole of 
active-hydrogen-containing imidazole per mole of imidazolide. Diimidazolides of 
dicarboxylic acids give dialdehydes. Imidazolides of mono esters of dicarboxylic acids 
yield mono ester aldehydes. [1] Af-acylamino acid imidazolides can be converted into 
Af-acylamino aldehydes in good yield and with high optical purity. [2] From JV-protected 
(Boc or Z group) amino-acid imidazolides the corresponding amino aldehydes are 
obtained without attack on the protecting group. The reduction can also be carried out in 
the presence of an a,j8-carbonyl, ester, or lactone group. Thus, the high reactivity of the 
imidazolide group permits it to be reduced selectively with LiAlH 4 . Hydroxycarboxylic 
acids with unprotected hydroxyl groups have also been reduced to hydroxyaldehydes by 
this one-pot procedure, although in only moderate yields. For example, mandelic acid 
gave mandelaldehyde in 33.5% yield. [1] Instead of LiAlH* Li[(tert-C 4 H 9 0) 3 A1H] and 
(fcoCUH^AlH were also used as reducing agents. The preparation of aldehydes with 
isotopes in the formyl group (e.g., — 13 CHO or-CDO) via imidazolides is described in ref. 
[3] and [4], respectively. 

Sometimes, along with the aldehyde, the corresponding alcohol has been obtained as 
a by-product. [2] ' [5] ' [6] In Ref. [5] an alcohol of this type was oxidized back to the alde- 
hyde, thus enhancing the aldehyde yield. 
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Table 15-1. Aldehydes from carboxylic acids via imidazolides (method a: from isolated imidazolides; 
method b: via imidazolides prepared in situ). 



Aldehyde 



Complex 
hydride 



Method a/b Yield (%) Ref. 



CH 3 (CH 2 ) 2 CHO 
CH 3 (CH 2 ) I4 CHO 
(CH 3 ) 2 CHCDO 
CH 3 2 C(CH 2 ) 4 CHO 



C 2 H 5 
CH 3 
Cl(CH 2 ) 2 CCHO 



CH 3 



C 6 H 5 CHCHO , 

OH 
OHC(CH 2 ) 4 CHO 

r>-CHO 
CH * CH 3 

CQ 

H CHO 

(Syiso -QH^CHCHO 

Boc-NH 
C 6 H 5 CH 2 CHCHO 

Z-NH 
N0 2 NHCNH(CH 2 ) 3 CHCHO 

NH Z-NH 



H 3 C CH 3 

ft, 

C 6 H 5 CHO 



(CH=CH-C=CH) 2 -CHO 
CH 3 



C 6 H 5 «3CHO 

p-CH 3 C 6 H 4 CHO 

p-itert-C^yC^CHO 

p-CH 3 OC 6 H 4 CHO 
p-N0 2 C 6 H 4 CHO 



LiAlH 4 


a 


60 


[1] 


LiAlH 4 


a 


84 


[1] 


LiAlD 4 


a 


50 


[4] 


LiAlH 4 


a 


71 


[1] 


LiAlH 4 


b 


59 


[1] 


LiAlH 4 


a 


96 


[7] 



LiAlH 4 



LiAlH 4 



(/5o-C 4 H 9 ) 2 AlH 


b 


LiAlH 4 


b 


(wo-C 4 H 9 ) 2 AlH 


b 


LiAlH 4 


b 


LiAlH 4 


a 


LiAlH 4 


b 


LiAlH 4 


a 


LiAlH 4 


b 


LiAlH 4 


a/b 


LiAlH 4 


a 


LiAlH 4 


a 


LiAlH 4 


b 


LiAlH 4 


a 


LiAlH 4 


a 



51 



39 



72 



[8] 



(i5tf-C 4 H 9 ) 2 AlH 


b 


83 


[2] 


LiAlH 4 


a 


50 


[9] 


LiAlH 4 


b 


34 


[1] 


LiAlH 4 


a 


65 


[1] 



[9a] 



[10] 



82 


[11] 


70 


[2] 


70 


[12] 


68 


[1] 


56 


[13 


78 


[13 


83 


[1] 


— 


[3] 


79 


[13 


76 


[13 


67 


[13 


79 


[13 


88 


[13 
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Table 15-1. (continued) 



Aldehyde 



Complex Method^ Yield (%) Ref. 



p-CH 3 C0 2 C 6 H 4 CH0 
C 6 H 5 CH=CHCHO 



CHO 




CHO 



o 

O 



CHO 



OCH 3 



NO 



2 CHO 



C 6 H 5 CH 2 < 



O - v^ 



H3C.CHO 




ftC^THO 



HCO 



L1AIH4 a 

UAIH4 a 

(«o-C 4 H 9 ) 2 AlH b 



Li[£m-C 4 H 9 0) 3 A1H] a 

LiAlH 4 b 

UAIH4 a 



LiAlH 4 



U[^rr-C 4 H 9 0) 3 A1H] a 



Li[frm-C 4 H 9 0) 3 A1H] a 



HC ?2"i C ^^CHO 



hco; 




Li[(terf-C 4 H 9 0) 3 A1H] a 



71 [1] 

70 [1] 

60 [2] 



61 [5] 



38 



82 



[13] 
[1] 



92 [14] 



50 [15] 



72 [6] 



46 [16] 



Furher syntheses of aldehydes via imidazolides are described in references [17}— [27]. 
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Aldehydes from Triazolides and Pyrazolides, and Subsequent Reactions 

In analogy to imidazolides, both triazolides and pyrazolides have been converted into 

aldehydes by reduction with LLAIH4: 

c) The following example illustrates a cascade reaction of an iV-protected amino acid 



a) I N-COC 6 H 5 *-> C 6 H 5 CHO 

87% [28] 



L • 



b) Z-NH-CHC0 2 H T ^_ -*» pyrazolide rrtjp 4 > Z-NH-CHCHO 

DCC THF 

79% 95% [29],[30] 



(via its pyrazolide as aldehyde precursor) into a 3-amino-2-hydroxybutanoic acid. t31] 



m ch ,LiA1H4 



3. KCN 



? H ' O^ 9**9 /*w CH 3 4HC1 



CH-C-N 1 

chT NH2 ° h 



Z-NH-CH-C0 2 H — — > Z-NH-CH-C-N J «— ^ CH 3 -CH-CH-C0 2 H 

DCC \^> dioxane ' l 



82% 73% 



Aldehydes from l-Acyl-3-methylimidazole-2-thiones 

A related convenient and mild method for the preparation of aliphatic and aromatic 
aldehydes in high yield from carboxylic acids is the reductive cleavage of l-acyl-3- 
methylimidazole-2-thiones by tributylstannane. 



15 Reduction of Azolides to Aldehydes and Alcohols 401 



9 I 

RC-N N-CH 3 

w 



(w-C^aSnH 



toluene, reflux, 2 h 



-» RCHO 



Yield (%) 



c nH35 


82 


oC 6 H„ 


94 


C 6 H 5 


99 


/>N0 2 QH 4 


80 



The l-acyl-3-methylimidazole-2-thiones are easily obtained either from bis-1-methyl- 
2-imidazole disulfide, a carboxylic acid, and triphenylphosphine, or from 2-mercapto-l- 
methylimidazole and a carboxylic acid chloride in the presence of triethylamine. [32] 



Reduction of Azolides to Alcohols 

A selective, mild, and facile reduction of aromatic and aliphatic carboxylic acid imida- 
zolides to primary alcohols is described in reference [33]. The reaction proceeds in water, 
water/dioxane or water/tetrahydrofuran solution at room temperature with 2-5 molar 
equivalents of NaBH4 in about 1 h. 

A variety of other functional groups such as halogen, nitro, cyano, ester, amide, and 
isolated double bonds are not attacked under these conditions: 



RCOIm 



NaBH 4 



■> RCH 2 OH 



R 


Yield (%) 


QH 5 


85 


p-NOaC^ 


81 


m-CNCeHi 


80 


C g H, 7 CH=CH(CH 2 ) 7 


71 


C I? H I7 


93 



However, conjugated double bonds may also be reduced to some extent: 



C 6 H 5 -CH=CH-COIm „****** > C 6 H 5 -CH=CH-CH 2 OH + C 6 H 5 CH 2 CH 2 CH 2 OH 



H.O 



50% 



34% 



The presence of water is essential for the success of these reductions. In anhydrous 
THF, for example, treatment of Af-benzoylimidazole with NaBH 4 leads to benzyl 
benzoate as the main product (73%), along with 19% benzyl alcohol. [333 Other reports, 
however, describe the conversion of carboxylic acid imidazolides to the corresponding 
alcohols by complex hydrides in organic solvents. Further alcohols have been synthesized 
via imidazolides: 
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9 H 3 OH 




hoch 2 ^co 2 ch 



2 ^n 3 



CH.O 




55%, with LiBH 4 in THF [34] > 45%, with Zn(BH 4 ) 2 in dimethoxyethane [35] 

_ —.CI 

CH 3 2 C 




CH 3 OCO 
96%,withNaBH 4 inTHF [36] 




CH 3 N CHfiH 

H 

61 %, with LiAlH 4 then NaBH 4 / CH 3 OH [37] 
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16 Deoxygenation of Alcohols and 
C-C Coupling Reactions 



16.1 Deoxygenation of Alcohols 



Imidazole-iV-thionocarboxylates (also called "thiocarbonylimidazolides") are inter- 
mediates in a convenient radical-induced deoxygenation of primary and secondary 
alcohols with tributylstannane (Barton reaction). [1] ' [2] 



ROH 



ImCSIm 
THF 



^ RO-C-Im 



(C 4 H 9 ) 3 SnH 
toluene, reflux 



^ RH 



The imidazole-N-thionocarboxylates are easily prepared in high yield from alcohols 
and iV^/VMhiocarbonyldiimidazole (ImCSIm) (in THF, CH 2 C1 2 , 1,2-dichloroethane, or 
DMF as solvent, or without solvent simply by grinding t2al ).Treatment with tributyl or 
triphenyl stannane in refluxing toluene or xylene leads to the reduced product. Improved 
yields are generally obtained by use of (C 4 H 9 ) 3 SnH instead of (C 6 H 5 ) 3 SnH. In most cases 
catalytic amounts of 2,2'-azoisobutyric nitrile (AIBN) are added in the second step. 
Yields by this azolide method are often better than those by the xanthate ester (dithio- 
carbonic ester) method. [2] 

Typical examples of deoxygenation are collected in Table 16-1. 



Reaction mechanism: t2] 



r-O-S-fTJ (C ^ Sn> > R-O-C-N 



Sn(C 4 H 9 ) 3 
S 



/*N 



O 
(C^H^SnS-C-N 



/*"N 



+ R' 



R # + (C 4 H 9 ) 3 SnH 



-^ RH + (C 4 H<,) 3 Sn # 



Selectivity could be accomplished by this method in deoxygenation of primary and 
secondary alcohol groups, [2] as well as effective deoxygenation of hindered secondary 
hydroxyl groups, especially in the carbohydrate series. [31 

Analogous deoxygenations were carried out with antibiotics such as nargenicin, [42] 
fortimicin, [43] seldomycin, [44] erythromycin, [45H47] with baccatin (taxol group), [48] the 
triquinane hirsuten, [49] the tuberculosis inhibitor a-C-mannobioside, [49a] and the steroids 
alisol, [50] and progesterone. [51] 
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Table 16-1. Reduction of alcohols with tri-H-butyl stannane via imidazole-JV-thionocarboxylates to the 
corresponding deoxygenated products. 



Alcohol, R=OH 



Yield (%) 
imidazole- deoxygenated 

AT-thiono- product, 

carboxylate, R=H 

R=OCSIm 



Ref. 




H 3 C CH 3 

R-CH 2 
! H 



H O 



* H C 4 H, 

or 

O 



Or^OC^H^ 



C 6 H 5 C0 2V Jl|.0 C 



CH 3 
CH, 



92 



90 



79 



95 



82 



79 



40 



79 



68 



55 



[4] 



[1] 



[2] 



[4a] 



[5] 



[6] 
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Table 16-1 {continued). 



Alcohol, R=OH 



Yield (%) 
imidazole- deoxygenated 

N-thiono- product, 

carboxylate, R=H 

R=OCSIm 



Ref. 



CH 2 OCOC 6 H 5 
V-OCH 3 



°x° 

H 3 C CH 3 



92 



87 



[7] 



C 6 H 5 CO : 

R-K >"OCH 3 

c 6 h 5 co 2 -^ bcoc 6 H 5 




94 



92 



[3] 



C 6 H 5 -< Vo 

0"< >" OCH3 

R bS0 2 C 6 H 4 -p-CH 3 



86 



68 



[3] 



r 



NHCOCH, 



85 



80 



[8] 



C 6 H 5 -^ Q 




O 
QH 5 



88 



94 [9] 

see also [10] 



H 3 C O CH 2 OCH 2 C 6 H 5 
H 3 C X O^^OCH 3 



86 



73 



[11] 

see also [12] 



R CHjOCOQHs 

: 6 H 5 co 2 ^i :: ^ocH 3 
c=o 

C 6 H 5 



75 



quant. 



[11] 

see also [13] 
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Table 16-1 {continued). 



Alcohol, R=OH 


Yield (%) 
imidazole- deoxygenated 
JV-thiono- product, 
carboxylate, R=H 
R=OCSIm 


Ref. 


CH.OCH.C^ 

RCH n 

C 6 H 5 CH 2 q| 

rcH 3 

CH 3 


85 


54 


[14] 


OCOC 6 H 5 

C 6 H 5 C0 2 ^^ :: ^OCH3 

Oy N yO 


quant. 


87 


[15] 



OCH 3 



R-CH 



^\ 



°+CH 3 
CH 3 



89 



99 



[16] 



H3< LOi 
of 

P-CHjC^SOjO-i^oJO 



98 



OS0 2 C 6 H 4 -p-CH 3 



85 



[3] 



Uso -C 3 H 7 ) 2 SiO-i o ^OCHAHs 

°\ w 

(wo-C 3 H 7 ) 2 SiO R 



62 



79 



[17] 



1 j 

: 6 h 3 co 2 -, o I 



NHCOC^ 



78 



87 



[18] 
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Table 16-1 (continued). 



Alcohol, R=OH 



Yield (%) 
imidazole- deoxygenated 

JV-thiono- product, 

carboxylate, R=H 

ROCSIm 



Ref. 



C 6 H 5 C0 2 -i oA I 



lb" 



76 



73 



[19] 

see also [20] 



: 6 h 5 ch 2 o-i ,o J 



-O R 



(CH,) 2 CH Q N 
(CH,) 2 CH/ ^ ^ 

°X° R 

(CH 3 ) 2 CH HC(CH 3 ) 2 



CN 
NH, 



NH 2 
(tert-C 4 H,XCH 3 ) 2 SiO-. o^l 



^ 



81 



72 



63 



65 



99 



70 



42 



[21] 

see also [22] 



[23] 

see also [24]-[26] 



[27] 

see also [28]-[36] 



[37] 



R OSHCHsWtert-CtU,) 
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Table 16-1 (continued). 



Alcohol, R=OH 



Yield (%) 
imadazole- deoxygenated Ref. 

N-thiono- product, 

carboxylate, R=H 

R=OCSIm 



R xf? 



CH, tert-C 4 H 9 
R 



A: 



OCH 2 CKCH 2 ) 2 OCH3 



(CH 2 )sh CH3 
C0 2 CH 3 



H Q-tert-CJ\ q 



Xscy~°- tert - c ^ 



90 



99 



70 



93 



68 



[38] 



[38a] 



[38b] 




81 



62 



95 



63 



93 



86 



[39] 



[40] 



[41] 
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A modification of the azolide method for deoxygenation of alcohols is the conversion 
of the thiocarbonylimidazolide with methanol into the thionocarbonate, which is then 
treated with tri-w-butyl stannane/AIBN. Thus, 2,3-dideoxynucleosides (a), (b), and a 
secodeoxynucleoside (c) have been prepared as follows: [52H56] 



a) 

o o o o 

HN"Sr CH3 hn"y CH3 rorV™ 3 hn'St™ 3 

cr^nr <Anr o^n*^ cA*r 

\^ N ImCSIm \ 7 CHiOH \ J 2.NH 3 /CH 3 OH \ J 

^ f DMF,80°C,2h ^ ' 50°C,2h \ < \ / 

OH O-C-Im O-C-OCH, 

ii ii J 

s s 

R = CH 3 CO 77% 90% [52] 



b) 

R 2 o-i ^o R 1 R 2 o-i ^cR 1 R 2 On ^o^R 1 **o-\ ^o^ R 1 

K *N ImCSIm \ / CH.OH \ J (C 4 H,) 3 SnH / AIBN ^ 7 
> ' \ ' \ / orBu 3 SnH/(CH 3 ) 3 B > ' 

OH O-C-Im O-C-OCH, 

ii ii 3 

s s 

CI 



N"V\ . R' = />-CH 3 C 6 H 4 S0 2 



R = Y II > ; 3 * 4 2 75% 93% [53] 

R 2 HN^ N ^N sec also [54,55] 



o-i O ? O-i o R 

c) / \ ^i ImCSIm / \ ^i CH,OH 

X.\ { DMF,2d X. ) ( 60°C,2h 

O OH O O-C-Im 

ii 

S 

On o R O-i o R 

/ VN (C 4 H,),SnH / V°^ 

X^ ( AIBN X^ CH 3 

O O-C-OCH3 dioxane, reflux, O 

S 1.5 h 

75% 57% [56] 

O 

X=(C 3 H 7 ) 2 Si / R= "I jf '> 

O (CH 3 ) 2 CHCON^ N N 

~ • H ' 

(C 3 H 7 ) 2 Si N 
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16.2 Deoxygenation of Alcohols with Concomitant 
Elimination or Rearrangement 



a) In the radical deoxygenation of an allyl alcohol system a rearrangement of the 
intermediate thiocarbonylimidazolide was observed, with successive migration of the 
double bond: 1571 



iY H ' 



HN 



WP-. J 



ImCSIm 



H 2 C OH 



DMF, room temp., 24 h 



O 

HN-"Sr CH3 

(C 6 H 5 ) 3 CO-. 0v l 

h 2 c (Toi 
s=c 

Im 



s 



oV 

PACOyoJ 

CH 2 SCOIm 

84% 



O 

oV 



(C 4 H 9 ) 3 SnH/AIBN 
hot toluene 



(C^CO-i 0n I 



CH 3 

83% 



b) A deoxygenation with subsequent HC1 elimination [58] occurred during radical 
deoxygenation with ImCSIm and tributyl stannane when a chlorine atom was vicinal to 
the hydroxy group. 



HN 



(QH^CO-. 0v l W 3 CO-i J (C^CO-. 0x | 

\ y ImCSIm V— 7 (C 4 rD 3 SnH/AIBN \ / 



OH CI 



Im-C-6 CI toluene, 60 -70 °C 

ii 
S 

69% 



70% 



With CDI instead of ImCSIm there was a dehalogenation, but no deoxygenation: 
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O O O 

(Qhaco-i J (QH 5 ) 3 co-i / oJ (W3CO-, oJ 

\ y CDI \ y (C 4 H 9 ) 3 SnH/AIBN \_7 

OH CI Im-C-O CI Im-C-0 

11 11 

o o 

84% 97% 

c) An example of a deoxygenation with simultaneous thiolation through a [3.3]- 
sigmatropic rearrangement of the thioimidazolide moiety is illustrated below; t59] see also 
reference [60]. 

HiC^O^OR 1 T ^ 0¥ HjC v .O N ^OR l H 3 C^.O^OR' 



Y°Y OR ImCSIm a H^Y™ ^ "Yf 



V-OH 87% Wo- 



^ T toluene, 110 °C T „ 
_-C-Im „„„ Im-C 

OR< lOR^s 98% 




NaSCH.C^SH TT 

95% HS'^T H3CO V C ^IJ 

R -= H5C V Y^V^j'^c,h 5 kJ 

OSi(C 2 H 5 ) 3 
R 2 = /m-C^CH^Si 



16.3 Deoxygenation of Di- and Trihydroxy Compounds 



a) Deoxygenation of a cyclic thionocarbonate with tributyl stannane yields a mix- 
ture of a monohydroxy compound and an olefin. [28] 

NH 2 

NH 2 A/^N NHz NH 2 

jto «#f jOs j&> 

oh oh 0vv ir^° 0H 

s 

89% 57% 30% 

R = /m-C 4 H 9 (CH 3 ) 2 Si 
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b) Deoxygenation of compounds containing three free hydroxy groups based on the 
ImCSIm/(C 4 H9)3SnH system are illustrated below. 



Example 1: 

OH 



s 



HO. 



^V 0> yo I mCSIm ^ 

V-Oc CH ' — * 



X 

OH O CH 3 




-O (QH^SnH/AIBN 

\ 3 toluene, reflux 
OCSIm O CH, 



75% 



S 



o^o 



~0> * °»*eo<* '^ *^o> 



O CH 3 



41% 



O' CH 3 O CH 3 O CH 3 

18% 9% 14% [61] 



Example 2: 
OH 

h"K^- 



^o 



ImCSIm 



OH 



h4^ 



(QHg^SnH/AIBN 



HO. 



* OCSIm 



74% 



o 

43% [62] 



For the conversion of a vicinal diol into an olefinic compound via a bisimidazo- 
lylsulfonate or a bisiodide see Chapter 21. 

c) In the synthesis of differentially protected isodityrosinol, the transformation of a 
carbonyl group into a CH 2 group was accomplished by means of the azolide method 
according to the following routed 635 



OCR 




OCH 



NaBH 4 

=c A CH 3° H 

u V Boc-N CH 2 

' ^ H OR 




HOCH 



ImCSIm^ 
DMAP 



CH 3 CH 3 



CH 3 CH 3 

93% 



Boc-N CH 2 

H ' 
OR 
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OCH 3 OCR, 





2 



(C 4 H 9 ) 3 SnH/AIBN 

ncr\ nu jl toluene . 

ImCSO-CH Boc . N ^ CH V H 2 Boc-N^CH 

' K " OR * ^ H OR 

63% 96% 

R = Si(CH 3 ) 2 terf-C 4 H 9 



16.4 Deoxygenation of a,/?-Epoxy Alcohols with 
Concomitant Fragmentations 



In these reactions, epoxide ring opening is achieved by an adjuvant carbon-centered 
radical generated during the conversion of a thioimidazolide moiety by a stannane. 
Carbon-oxygen bond cleavage leads to an alkoxy radical, which then undergoes 
hydrogen transfer and further rearrangement by cyclization or /J-scission.* 643 



Synthesis of Allyl Alcohols 

a,/?-Epoxyalcohols can be converted to allyl alcohols via thiocarbonylimidazolides and 
successive treatment with tri-H-butyl stannane. In this reaction the oxirane ring is opened, 
forming an allylic alkoxy radical, which is quenched by hydrogen transfer from the 
stannane. [65] 
Examples: 

a > ?H 3 CH 3 

fy™" (C^SnH/AIBN ^ "Vk 
K^^s benzene, reflux k^^ 

H2C CH3 H2C CH3 

optically pure (+) - trans -carveol 
isolated as 3,5-dinitrobenzoate ester 
65% 



416 

b) 
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CH, CH 3 



Q..1 



-° CSIm (QH^SnH/AIBN > H ° ' 
benzene, reflux, 



H 2 C^CH 3 



H 2 C CH3 

(+) -cw-carveol 
isolated as 3,5-dinitrobenzoate ester 
47% 



c) 



Im-OO 




(C 4 H<,) 3 SnH/AIBN 
toluene, reflux, 




OH 

coprost-3-en-5 p-ol 
58% 



d) 



CH 3 CO ; 



Cftx^OCSIm 




(QHq^SnH/AIBN 
toluene, reflux, 



CH 3 CO : 




H x.CH, 



OH 



3 p -acetoxypregna- 15,1 7-diene- 1 6 ot-ol 
60% 



In cases b)-d) it was necessary to add the imidazole-N-thionocarboxylate to the 
stannane (inverse addition). 

For these reactions the following mechanism was assumed: 



# Sn(C 4 H 9 ) 3 



R 1 R 1 R 1 



(C 4 Hg) 3 SnH 



^ L + (C 4 H 9 ) 3 Sn- 

hOH 
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e) Ten-membered carbocycles, among other products, were obtained from epoxy- 
decalin thiocarbonylimidazolides; [66] see also reference [64]. 



^COAH 5 ^viS^ 2 " 5 S°2 C 2 H 5 C0 2 C 2 H 5 

ImCO^J>^ AIBN k^K^ + k^sj + KA^J 

g ° O O OH 

13% 35% 8% 



Synthesis of Cyclic Enol Ethers 

Seven- and eight-membered oxygen heterocycles can be obtained starting from 
epoxycyclohexane thiocarbonylimidazolides and (C 4 H 9 ) 3 SnH/AIBN. [66],[643 



OCSIm u « 



& 



;-qh, >Cc 6 h 5 Sht^qh, ^ 





R 


n 


Yield (%) 


QH 5 


H 
H 
CH 3 


1 

2 

1 


72 
66 
58 



Synthesis of Vinylfurans 

Vinylfurans can be formed from 2,3-epoxy-6-octenols via a C-0 coupling reaction 
leading sometimes also to bicyclic ethers as by-product: [67] 

a) .R 1 .R 1 

H 3C OH l.ImCSIm HjC^J H^ J> j" 3 *' 

c^ ^—-> 5 ♦ $> ♦ (%* 

H 3 C CH 2 R 2 H 3 C CHjR 2 H 3 C^CH 2 R 2 



R'=H R 2 = H 14% 

R l =CH 3 R 2 = H 59% 14% 

R'sCA R 2 = H 63% 22% 

R 1 = H R 2 = te/t-QH^CH^SiO 45% 
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R 



b) 



# ? H 1. ImCSIm 



I^^R 2.(C 4 H 9 ) 3 SdH > AIBN :> |-A q 
R - H, 65%; CH 3 , 55%; CJH* 82% 



16.5 Deoxygenation of a,/?-Aziridino Alcohols 



The radical-induced cleavage of a,/?-aziridino alcohols proceeds in analogy to that of a,/?- 
epoxyalcohols, leading regiospecifically to allyl amines (a). By successive reactions with 
double bond systems, pyrrolidines are formed (b): [68] 



a) OH 

R 



OCSIm 



<iu j ^ «-<6. 



Bu 3 SnH, AIBN 



CHT ch 3 



CH 3 

CHT ch 3 



^ RHN, 



R = 




O 
N^C 2 H 5 



*kJtCH 3 
CHT CH 3 

98% 



b) 



R' 
H3? n R 




H 3 C CH, 



1. ImCSIm ^R 

2. Bu 3 SnH/ H 3 C >^ 

OH AIBN ^ r\ T . 

> I N-R 1 

H 3 C CH 3 




Yield (%) 



H 21(70*) 

N^C 2 H 5 CA 26 < 83 *> 

* in the presence of MgBr 2 • CKC 2 H 5 ) 2 



In the presence of magnesium bromide etherate, yields of the a-allylpyrrolidines could be 
considerably improved. If instead of the quinazolinone aziridine the phthalimido aziri- 
dine was selected, the reaction proceeded better in the absence of magnesium bromide. 
Because the aziridine part of such a molecule can be obtained easily from a double 
bond system, these reactions constitute a method for converting allyl alcohols into allyl 
amines via aziridination. 
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16.6 Deoxygenation Combined with C—C Coupling 
Reactions 



Inter molecular C-C Coupling Reactions 

a) This radical-induced reaction permits proline to be coupled with acrylonitrile 
taking 4-hydroxyproline as starting material.' 691 



HO Im-C-O CH,=CHCN/ WXPH& 

z z z 

75* 63* 



b) Photochemical treatment (hv>300nm) of an alkoxythiocarbonylimidazole 
(thiocarbonylimidazolide) derivative together with an allyl stannane resulted in sub- 
stitution of the hydroxy group by an allyl group: [70] 



H,CCHj 

o o 

ImCSIm 

>■ thiocarbonylimidazolide 



HO»<V'OCH,C ( H 5 1,1F ' feflux ' 6h 



HjCCH, 

o o 



^-CHCH |S n(C^/h y> ^ ma ^^y 



o 



55% 



Intramolecular C-C Coupling Reactions 

1. The following syntheses of five-membered carbocyclic systems involve radical- 
induced epoxide fragmentation with radical translocation and cyclization. The resulting 
bicyclic alcohols are formed as a mixture of two epimeric esters with cis-fused rings. [71] 
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a), 



OCSIm 



OH T ^ OT OCSIm 

6ImCSIm l 



(C 4 H,) 3 SnH/ 

AIBN . 

benzene, reflux 



>90% 



b) 



OCSIm 




(QH^SnH/ 
AIBN 



/ H i 1 



OH OH 



OH 



R 


Yield (%) 


Ratio 


C0 2 CH 3 

CH 3 

QH 5 


69 
68 

47 


1:2.7 

1 : 2.7 
1 : 2.7 




X 


R 


Yield (%) 


CH 2 
(CH 2 


CH 3 

) 3 CA 


52 
58 



A mechanism for these rearrangements has been suggested: 



[71] 



OCSIm 



C^R 



(C 4 H,),SnH r . 
cat. AIBN _ 



H R 



H R 



OH Sh 



R = C0 2 CH 3 ,CH 3 ,C 6 H 5 



2. Intramolecular deoxygenation of alcohols containing double and triple bonds (such 
as hydroxyalkynes or hydroxynitriles) with ImCSIm leads via the corresponding thio- 
carbonylimidazolides to five- and six-membered cyclized systems with exocyclic double 
bonds. [72] 



a) QH 5V| C 5 H n 

OH I 




Oft 



->• thiocarbonylimidazolide >- 

65% 




C S H, 



81% 
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" CCT 



->> thiocarbonylimidazolide >► 

97% 79% 




QH 5 



c) A H N O 

1 j >*thiocarbonylimidazolide >> T \ 

90% 73% 



d) OH N HO N 

r^ c t^\ r^i c 

III ^thiocarbonylimidazolide >» I I / + l 1 J 

99% 67% 11% 

For these reactions the following mechanism is postulated: 



R 1 ^ OH l" R 1 P I" R 1 I" R 1 J™ 

R Y C ImCSIm y R -f C (C ^ ) ,SnH > R V C ^ YA 

r 2 -S< r 2A h; r2A ht R 2 M 

X = CR'orN 
3. Cycloalkanes can be synthesized from alcohols containing double-bond systems. 



a) F 3 C^OH^R Tmr , Tm F 3 C V QCSI ^R (CJ ^ SnH ^ F 3 C 



: V QH j^ R ImCSIm F 3 C V f^ R 

k^ THF, reflux k^ 



AffiN 
quant. 




Yield (%) Ref. 



C9H I9 83 [73] 

C 6 H 5 OCCH 2 81 [73] 

O 

C 6 H, 69 [73] 
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} R / \^ =: \\, H 2.Bu 3 SnH/AIBN 



1 . ImCSIm H *J CH, H *J XH, 



oh *'^1r *' H 



,05 • .05 



e = equatorial 



R Yield of cyclized Ratio of 1,5-cw to Ref. 

compound (%) 1,5-trans product 

r-C 4 H 9 29 8.2:1.1 [74] 

Oft 37 8.0: 1.3 [74L 



c) 



The reaction with l-but-3-enyl in the axial position has been investigated as well. 



Y b *c' Y 

RO xv Y° H f ! ^ ImCSIm RCT^Y^ f Bu 3 SnH/AIBN 




RO">^OR RO'V^OR 61% 

OR 

99% 
(Y = H,R = C 6 H 5 CH 2 ) 



RO A OR RO T OR RO t OR 

RO H OR OR 

7.4 : 1.4 1.2 



Moreover, the reaction with Y = OCH 3 and the stereochemical control of analogous 
hex-5-enyl radical cyclizations has also been studied. This method constitutes part of a 
synthetic route from carbohydrates to optically active carbocycles. [74] ' [75] 



d) ^C0 2 CH 3 ^C0 2 CH 3 ^C0 2 CH 3 

^ CH > ImCSIm . } <™L . r^V CH3 




QH > I I OCSIm > \ J 




77% 65% [761 
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e) In the following reaction a mixture of diastereomeric five-membered diamino 
compounds from sugar precursors is obtained:* 77 ^ 



CH3-C-0 s* c ^im 

CH^|-p c -^^NOCH A H 3 
£ NH-Z 



° NHOCH 2 C 6 H 5 9 NHOCH 2 C 6 H« 

CH3-C-O I CH3-OO < 2 6 5 

V.^/V.-NH-Z W/V.-NH-Z 

H + M 

CH3-C-O O-C-CH3 CH 3 -O0 O-C-CH3 

J II M J J II II J 

OO OO 

12% 54% 



f) A synthesis of 2-oxabicyclo[2.2.1]heptanes can be approached by this method 
starting from 3-hydroxyfurans: t78] 



1 
O 



(QH^SnH. 



C 4 H 9 ^ ^^V^ C °2CH 3 AIBN CH 3 Q 2 C 




CH 



4 n 9 



77% 



g) Another possibility is the synthesis of fused y-butyrolactones of carbohydrates. [79] 



terf-C 4 H 9 (CH 3 ) 2 SiO o OCH3 

1 1 



O O-C-Im 
1 11 

o«c s 



tert-C 4 H 9 (CH 3 ) 2 SiOo OCH3 



CM, 



O 
0=C 



\ 



C 6 H 5 



terf-QH^C^SiO o OCR 




CH 2 C 6 H 5 
O 

50% 



Analogous conversions of the corresponding uridine compound affords the y-lactone 
in 35% yield. 



16.7 Deoxygenation with Concomitant Opening of a 
Cyclopropane Ring 



The thiocarbonylimidazolides shown on next page have been prepared in good yield from 
the corresponding alcohols and ImCSImJ 80 - 1 Ring opening occurs upon treating the 
azolides with tributyl stannane/AIBN in refluxing benzene, leading to (E)-difluoroallylic 
systems: 
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a) 



H 3 C 






F F 



OCSIm 



F F 



H,< 



S QH 5 



83% 



b) 



c 6 H 5 ^^r CH 3 

F A F OCSIm 



"^ QH< 



F F 



CH, 



77% 



c) 



QH 



v-' 



6 5V <-— ^OCSIm 
F F 



"-^ C 6 H 5 7\ CH 2 
F F 



45% 



b) 



ferr-GiHoCO(CH, W OCSIm 



^< 



F F 



O 



"^ fer/-C 4 H 9 CO(CH 2 ) 2 



F F 



CH, 



62% 



Synthesis of spiro bicyclic and tricyclic systems: [81] 



S 
O-C-Im 



CH 



a) 



CH 3 
CH 



£$> 



CH ▲. >v 
(QH,),SnH 3V T^1 



AIBN 



*'%Hd-> 



Si(CH 3 ) 3 



'I' 

Si(CH 3 ) 3 



79% 



CH 3 S 



L J ATDM 3 



CH, 



AIBN 



Cjj ^^•C0 2 C 2 H 5 




CH, 



CH, 




C0 2 C 2 Hj 



48% 



CH 3 S 

C0 2 C 2 H5 

23% 
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17 Synthesis of Glycosides and Ethers 



Glycosides 

A simple, one-pot glycosidation procedure via (l-imidazolylcarbonyl)glycosides with 
zinc bromide has been described. [1] 
For example: 

/ C ° 2CH3 co 2 ch 3 

QH^OCH^O^OC 01 ™ HO "" C V „ ' ZnBr2 C 6 H 5 CH 2 OCH v O O-CH 

I T £& =► T T c 6 h, 

♦*s. >». ether or CH 2 C1 2 , reflux „ „ ... ,^'\>^™-<u ~ u * 

C 6 H 5 CH 2 0'^Y^ OCHAHj 2 2 C 6 H 5 CH 2 ^f OCH 2 C 6 H 5 

OCH 2 C 6 H 5 OCH 2 C 6 H 5 

88% (a:P=10:l) 

This reaction is probably facilitated by the chelation of zinc bromide to N-3 of the 
imidazolyl group. [1] 

Glycosides can also be prepared by means of 1-imidazolylcarbonyl glycosides in the 
presence of silver perchlorate, as shown by the synthesis of (1-O-acetyl-L-oleandrosyl)- 
(4-O-acetyl-L-oleandroside): [2] 



OCH 
CH 



J™ 3 OCH 3 

^Q A QCOCH, ^ ^XnX 



CH,^0 OCOCH3 



62% 



In addition to 62% of the C-l'-a disaccharide diacetate, 11% of the C-l'-/? anomer 
was still obtained. 



Ethers 

The following example illustrates an etherification [3],[4] of an alcohol using the imida- 
zolide of a sulfonic acid. 
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Addition of /?-toluenesulfonic imidazolide in benzene to a suspension in benzene of 
sodium cinnamoxide in a 1:2 molar ratio affords the dicinnamyl ether in 71% yield. 
Apparently, a highly reactive, so far not isolated sulfonate of cinnamyl alcohol is formed 
first (a), which then reacts further with a second mole of alkoxide to form the ether 
according to (b): 

(a) CH 3 -/~Vs0 2 Im + /~"VcH=CH-CH 2 O Na @ $► 

CH 3 -/^-S0 2 0-CH 2 -CH=CH--/^\ + Im G Na 

(b) CH 3 -/^Vs0 2 0-CH 2 -CH=CH-^^ + ^\-CH=CH-CH 2 O e Na > 



/"\-CH«CH-CH 2 --0-CH 2 --CH=CH--^^ + CH 3 -^^-S0 3 e Na® 

With the sodium derivative of benzyl alcohol, dibenzyl ether was obtained in 63% 
yield, accompanied by 24% of iV-benzylimidazole. Formation of the latter compound 
results from the reaction of the benzyl sulfonate with imidazol sodium in competition 
with the second step of the ether synthesis (b). 

For the synthesis of a cyclic ether see Section 18.5. 
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18 Dehydration Reactions 



18.1 Synthesis of Nitriles from Aldoximes 



With Imidazolides 

Aldoximes are readily dehydrated with N,AT'-carbonyldiimidazole (CDI). An inter- 
mediate azolide is formed in the process under elimination of one mole of imidazole, 
which fragments into a nitrile through elimination of C0 2 and a second mole of imid- 
azole. [1] ' [2] 



RCH^NOH 



CDI 



-ImH 



^ L RC-N-O-C-Im] 



co 2 

ImH 



■^ RCN 



The reaction may be carried out either with or without solvent. In the latter case the 
process can be very vigorous. [1] Other dehydrating azolide reagents for preparing nitriles 
from aldoximes include iV-trifluoroacetylimidazole [3 ^ (refluxing ether or THF, 2— 3.5h, 
easy work up) and MAT-oxalyldiimidazole [4] (benzene, CH 3 CN, CHC1 3 , or THF at 65- 
70 °C, a few minutes). These reactions also produce nitriles in good yield. With oxa- 
lyldiimidazole the intermediate formation of 0-[2-(l-imidazolyl)oxalyl]oxime is 
assumed, with subsequent fragmentation into C0 2 , CO, imidazole, and the nitrile: 



CDI 



ImH 



H O 

-> RC=N-0-C-Im 



- CO* - ImH 



RCH=NOH 



CF,COIm ^ in? ^ 
a > RC=N-0-C-CF 3 



ImH 



->* R-C=N 



ImCOCOIm ^ „§> m O? 2 O 

— — >* RC=N-0-C-C-Im 

-ImH \^ 



•CO,-C0 2 ,-ImH 
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R-CH=N-OH -^ 


orC ^ 


R-C=N 


A: 


CDI; B: 1 N-OCF 3 ; 




O O 
u it 

r-c-c- 




R 


Reagent 


Yield (%) 


Ref. 


R 


reagent 


yield(%) Ref. 


/i-C 5 H n 


B 


90 


[3] 


p-ClQH, 


A 


98 


[1] 


tert-C 4 H 9 CH 2 


A 


95 


[1] 


p-C\Cjl 4 


B 


94 


[3] 


" C 6 H 13 


B 


% 


[3] 


p-C\C<fl 4 


C 


83 


[4] 


/i-C 6 H 13 


C 


80 


[4] 


o-C1C 6 H 4 


B 


97 


[3] 


1-ethylpentyl 


B 


95 


[3] 


p-N0 2 C 6 H 4 


A 


99 


[1] 


«-C 6 H n 


C 


81 


[4] 


p-N0 2 C 6 H 4 


C 


79 


[4] 


1-propenyl 


B 


77 


[3] 


m-N0 2 C 6 H 4 


B 


91 


[3] 


C 6 H 5 








CgHj -CH=CH 


B 


95 


13] 


CH 3 N(CH=CH) 2 

QH 5 

P-CHfiJU 


A 
B 
B 


51 
92 
81 


[2] 
[3] 
[3] 


Q- 


B 
C 


81 

73 


[3] 
[4] 


p-ch 3 c 6 h 4 


C 


78 


[4] 


CK7 








p-CH 3 OC 6 H 4 


A 


75 


[1] 


B 


64 


[5J 


p-CH 3 OC 6 H 4 


C 


83 


[4] 


* o 









The azolide method has been used successfully in the conversion of an optically 
active aldehyde into the corresponding nitrile, with an optical purity of 100%: [6] 



NH,OH/ 



CH^..OSKCH 3 ) 2 -tert-C 4 H 9 Na^CO, 
CHO 



CH 3 Y OSi(CH 3 ) r tert-C 4 H 9 
CH=NOH 



CDI > CH 3Y OSi(CH 3 ) 2 -tert -C 4 Hg 

CN 
92% 

If a-carboxylated oximes are treated with CDI [7] (A) or A^'-oxalyldiimidazole^ (C) 
the dehydration proceeds with decarboxylation of the carboxy group. 



AorC, 



Li-CH 2 -C-C0 2 H - 


> 


Ar-CH 2 - 


N-OH 






Ar-CH 2 CN 


Yield (%) 




with A 


withC 


QH 5 


91 


85 


p-CH 3 CJl4 


95 


95 


P-CH3OC5H4 


93 


90 


P-C1C 6 H 4 


94 


93 


3-CH 3 0,4-OHC 6 H 3 


83 


82 



o o 

A: CDI; C: Im-C-C-Im 



Ar-CH 2 CN 


Yield (%) 




with A with C 


3,4,5-(CH 3 0) 3 C 6 H 2 


85 88 - 


a-naphthyl 


97 90 


a-furyl 


75 83 


thienyl 


88 89 


P-indolyl 


- 84 
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A likely mechanism for the reaction with TV, Af '-oxalyldiimidazole is as follows: 



V 

°*OOH N-a °*OOI H 

Ar-CH 2 -C O ^ Ar-CH 2 -Cp ^ ^ 

N-CT Z?„ _/^N N-O-C-C-N | 

O O 



With the phosphoric imidazolides D, E, and F, dehydration of the aldoximes can also 
be achieved (dioxane, room temperature, several hours). With diphenylimidazole-1- 
phosphonate (D) and phenyldiimidazole-l,r-phosphinate (E) the yields of nitriles are 
always higher than with (C 6 H 5 0) 2 P(0)C1 and C 6 H 5 0P(0)C1 2 ; however, with phosphoryl 
triimidazole (F) the yields are a little lower than with POCl 3 .* 9] Spin-labeled phosphoric 
imidazolides of this type are also used for the dehydration of aldoximes. [10] 

R 2 
D E F N"^ ' 

R-CH=N-OH — — ! >* R-CEN I N-P-R 1 

6 




DiR^R^QHjO 

m; 
F.R^R^Im 



E:R 1 «Im;R 2 >C 6 H 5 



Reagent Yield (%) [9] JR Reagent Yield (%) [9] 



CH 3 (CH 2 ) 5 


D 


97 




E 


93 




F 


65 


(C^Hj^CH 


D 


89 




E 


86 


c-C 6 H n 


D 


81 




E 


92 




F 


50 


^CH 3 C 6 H 4 


D 


96 




F 


59 


With Triazolides 







p '^-^sQCffi* 


E 


83 




F 


60 


2,4-Cl 2 C 6 H 3 


D 


95 




E 


87 




F 


64 


C 6 H 5 -CH=CH 


D 


93 




E 


95 




D 
E 
F 


89 
52 
30 



Other effective azolide reagents for the dehydration of aromatic aldoximes to nitriles 
under mild conditions (refluxing THF) include the two triazolides Ar,W-carbonyldi- 
benzotriazole (G) and AT, AT'-sulfonyldibenzotriazole (H): [11] 
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Nitrile 


Reagent G 


Yield (%) 


C 6 H 5 CN 
p-ClC^CN 

p-ch 3 oc 6 h 4 cn 


c=o 


64 
84 
75 

71 



Nitrile 



Reagent H Yield (%) 



p-ClQRiCN 





N 

so 2 

N 
N 



71 



18.2 Synthesis of Nitriles from Amides 



With Imidazoles 

In the dehydration of primary aliphatic or aromatic amides to nitriles with CDI, the CDI 
is activated by an excess of a reactive halide, such as allyl bromide or benzyl bromide (2 
equiv. of CDI, 8 equiv. of reactive halide, refluxing CH 3 CN, 2-5h): [12] 



QH 5 CH 2 CONH 2 C DI/ CH 2 *CH CH ? B r> ^^^ 

98% 
Proposed reaction mechanism: 



R 2 -N«2 N-C-N N 



W t w 




R-C-NH 2 



o-£- n ^n Jt2L^ 



-r 2 -n"^n -hx r ! -c=nh ^ 

w 



e.g.R 2 XCH 2 =CH-CH 2 Br 
C 6 H 5 CH 2 Br 



$ r^s® 2 

£0— C— N UN-R 2 
R-C=N-H ^ 

^ x 



-R 2 -N^N-HX 



R-C5N 



w 



-co. 



For the dehydration of pyromellitic acid diamide, N, iV^-sulfmyldiimidazole was used 
as the dehydrating agent to give a moderate yield of dicyanoisophthalic diimidazolide, 
which was further transformed with hydrochloric acid into the corresponding dichlor- 
ide: [13] 
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o o 



H 2 N"C ^Y>NH 2 lmSOJm(4equiv) ^ NC^^CN dioxane , Ha NC^,CN 



H0 2 C 



TOT, reflux, 9 h Im - C -V^c-Im Cl-C^C-Cl 

" II II II II 

o o o o 

46% 42% 



With Triazolides 

Carboxamides can be converted into nitriles with A^A^-sulfinyldi-l^^-triazole under 
mild conditions (CH 2 C1 2 , room temperature, 10-20 min.). [14] 



RCONH, 



> RCN + 2 f NH + S0 2 




R Yield (%) 


^N 


C 2 H 5 89 




C 6 H 5 CH =CH 90 




C 6 H 5 82 




p-CH 3 OC 6 H 4 99 




p-N0 2 C 6 H 4 



Aliphatic and aromatic carboxamides, with the exception of p-nitrobenzamide, are 
dehydrated in this way in high yield. Acid-labile protective groups such as tetra- 
hydropyranyl and tert-butyldimethylsilyl ether and base-sensitive compounds are not 
attacked. Af,Af'-Surrinyldi-l,2,4-triazole, easily prepared from thionylchloride and triazole 
[THF, (C 2 H 5 ) 3 N, 0°C, 1 h] in 85-95% yield, was used without further purification. 

N, Af'-Sulfinyldiimidazole is not as effective as a dehydrating agent; when reacted 
with octanoic amide under the same conditions it produced only 25% octanenitrile 
together with 25% starting material, a large amount of black solid, and 9% octanoyl- 
imidazole. [14] 



18.3 Synthesis of Isocyanides from N-Formylamino 
Compounds 



For the dehydration of iV-formylamino compounds to give isocyanides the CDI is acti- 
vated by protonation into its bisimidazolium form (CH 3 CN, room temperature, 4h). 
Thus, chiral a-isocyano esters and other base-sensitive isocyanides are obtained in high 
yield. CDI itself did not produce this dehydration. 

No isocyanide was obtained when 2-nitro-5-methoxyformanilide was treated with the 
carbonyldiimidazolium reagent. [15] ' [16] 
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O e 



^R 2 1^/ N " C " N \^J ICH^O? K 2 

R^CH > tf-CH 

S NHCHO S NC 



R 1 


R 2 




Yield (%) 


Rcf. 


5-CjH, 


COOCH 3 




90 


[15] 


Urt -C4H, 


H 




85 


U5] 


CACHs 


COOCH3 




80 


115] 


C^n^CH^ 


CONH-GH- 

1 


-G^C^H^ 


75 


[15] 




COJCH, 






6-CT 3 0-naphthyl-2 


CH, 




70 


[1Q 



18.4 Synthesis of Olefins from Alcohols 



Formation of a Conjugated Double Bond 

Several examples of the dehydration of acyclic and cyclic hydroxy compounds with CDI, 
A^'-thiocarbonyldiimidazole, and A^'-sulfinyldiimidazole, are shown below. 

a) Derivatives of dehydroalanine and dehydroalanine peptides can be prepared in 
good yield from the corresponding j8-hydroxy compounds using equimolar amounts of 
CDI and (C 2 H 5 ) 3 N (toluene, room temperature, 4-6h, [17] or ether or THF, room tem- 
perature [18] ): 



R 3 -CH-OH rCJL^N R3 "'? H 

R^N-CH-COOCHs /(CgHyHN > R i_ N -C-COt)CH3 



R 2 R 3 Yield (%) Rcf7 



z 


H 


H 


85 


[17] 


z 


H 


CH 3 


76 


[17] 


Z-Gky 


H 


H 


68 


[17] 


Z-Ser 


H 


H 


65 


[17] 


Z-Val 


H 


H 


71 


[17] 



R 1 R 2 


R 3 


Yield (%) Ref. 


Boc H 


H 


83 [17] 


Boc H 


CH 3 


71 [17] 


4-(CyH 5 )Q« 4 CH= 


H 


62 [18] 


C^CH** 


H 


90 [18],[19] 



N-Benzylidene dehydroalanine, however, could not be isolated by this method 
because the compound decomposed during work up at room temperature. [181 CDI was 
inert toward a series of dipeptides containing a serine residue in the AT-terminal position 



18.4 Synthesis of Olefins from Alcohols 437 

(e.g. Z-Ser-Gly-OCH 3 , Z-Ser-Ala-OCH 3 , Z-Ser-Phe-OCH 3 ) or serine amides like Z-Ser- 
NH 2 and Z-Ser-NHC 3 H 7 . [17] 

Formation of the very unstable dehydroalanine derivatives N-^-dimethylaminophe- 
nyl- and Af-p-nitrophenylmethylenedehydroalanine methyl ester could only be verified by 
^-NMR. Because of Michael-type reactions with cuprates, the Af-arylmethylenedehy- 
droalanine methyl esters have been applied as building blocks in the synthesis of amino 
acids. [18] 

b) CDI has been shown to be a very suitable reagent for the dehydration of 2- 
hydroxyalkylsulfoximines (toluene, room temperature, 12 h). The 5-phenyl-*S'-(l-prope- 
nyl)-sulfoximine is obtained as the ^-isomer only. [20] 



O OH O 

CyHs-S-CHa-CHCHa ^ <^ 5 -§-CH=CHCH 3 

NH NH 

88% 

c) /?,y-Dihydroxysulfones react with CDI (2 equiv.) via cyclic carbonates with 
subsequent silica gel treatment (dichloromethane, room temperature, 6h) to give y- 
hydroxy-a,/?-unsaturated sulfones. Isolation of the cyclic carbonate is not necessary in 
this procedure. When a dihydroxysulfone is treated with CDI for 12h, the product is 
obtained directly in rather good yield after column chromatography on Si02: t21] 



9H 
OH 



C 
O 



■ir s 



OH 



-CQz 

81% 



8-Hydroxy-(£^)-a,y-dienylsulfones are prepared by an analogous one-pot dehydra- 
tion procedure via an elimination reaction of the corresponding cyclic carbonate: [21] 



OH 

C 6 H s CH 2 OCH, xS V^ v ^"S0 1 C«H5 ° PI > [cyclic caibonate] — — — >■ 
OH " C ° 2 

OH 
C^HjC^OCHj^-^-^SCJjCsH, 

75% 

An analogous dehydration in the synthesis of lactone substituted derivatives of 
digitoxigenin is reported in reference [21a]. 
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d) A phenalenofiiran has been synthesized from the hydroxy precursor by means of 
CDI:™ 



w 



GDI 



benzene, reflux 




80% 

e) A dehydration with concomitant addition of imidazole and opening of the four- 
membered azetidinone ring is described in reference [23]. 



n 



COrfCHjkQH, 



CO^CH^OH, 



OH 



CM f'Nj^N 

(C#5),N,raF,0 o C o^NB^ 

85% 



f) A dehydration of genipin acetate has been carried out with A^^'-thiocarbo- 
nyldiimidazole. t24] 



AcO^ H ? H 



AcO 



ImCSIm 



benzene, room temp* -► reflux 



H 



COjCHs 




g) l,l,2-Triphenyl-2-alkyl-l-alkanols are readily dehydrated with AT^'-sulfinyl- 
diimidazole to give E/Z isomer mixtures of the double bond introduced (THF, 30-40 °C, 

i-5h>; 25] 



, i^ 5 , ImSOIm , ^r* , 



OH C*Hj 



C6H, 



R 1 R 2 Yield (%) R 1 R 2 Yield (%) 

F CH 3 87 Q CA 73 

F QHs 86 Br Cft 84 

P G4H9 72 OCHs CA 88 
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Formation of Non-Conjugated Double Bonds in Steriods 

Non-conjugated double bonds have been successfully generated in steroid alcohols with 
N, AT'-sulfinyldiimidazole. [26] 
Examples: 



HfC p 




H3C p 



■j3tP 



H 3 C 



HO 



rfV^ ... 



HjC GHj 




HsC CHa 



H 3 C 




18.5 Synthesis of Cyclic Ethers and Amines 



a) An epoxide ring is formed by reaction of methyl 4,6-0-benzylidene-a-D-gluco- 
pyranoside with /?-toluenesulfonylimidazole. t27] 



CA-Vti 




HO 



NaH.DMF O^ 



OH 



OCH, 




78% 



OCH s 



b) Synthesis of epoxides and their nucleophilic opening.^ 28 * 

A facile one-pot stereoselective epoxidation of vicinal diols has been accomplished 
using AT-(p-toluenesulfonyl)imidazole or iV-(2,4,6-triisopropylbenzenesulfonyl)imidazole 
and NaH. These reactions involve selective monoarylsulfonation of primary OH-group 
followed by displacement of arylsulfonate by the adjuvant secondary or tertiary alkoxide. 
The epoxides were further transformed with organometallic compounds into secondary or 
tertiary alcohols. 
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The following is an example for a sequential one-pot epoxide formation/nucleophilic 
opening process using (5)-4-(benzyloxy)-l,2-butanediol, JV-(p-toluenesulfonyl)-imida- 
zole, and 2-lithio-l,3-dithiane: 



C^HjCHjO 



^X°n JS^-^*™ 1 * |c«h s ch 1 o-nX*oso 1 ca-/-c^J 



,? ,.o 



88% 80% 

92% retention 

c) Reaction of 5'-trityl derivatives of uridines with N, N'-thiocarbonyldiimidazole 
gave directly in high yields crystalline 2,2'-anhydro-l-(5-trityl-jS-D-arabinoftiranosyl) 
uracils, which can be easily converted into 1-^-D-arabinofuranosyluracils (refluxing 
toluene, lh).™ 0] 



HN' 



oSr far 






R* 


R* 


Yield (%) 


Ref. 


H 


(QfWjC 


85 


P9] 


H 


H 


36 


129] 


F 


(QH&C 


91 


P91 


CH, 


MM& 


87 


P<J1 



OH OH 



ig. MMTr - 4-monomethoxytrityl 



It is claimed that this reaction proceeds via a 2',3'-thionocarbonate or a thiocarbamate 
derivative. If the 5'-OH group of uridine was not protected, the yield of the 2,2'-anhydro- 
l-(j?-D-arabinofuranosyl)uracil was low. 

d) Reaction of vicinal amino/hydroxy groups in a validoxylamine B derivative with 
sulfonyldiimidazole produces an aziridine ring, as was discovered in the course of syn- 
thetic studies on antibiotic validamycins. [31] 

R*0 
R X -HN 



tudies on antibiotic validamycins/ J 

r, - n •» 



^OR 2 
np 2 i 



OR 2 
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19 Substitution Reactions on Azoles 



19.1 Syntheses of 7V-Alkylated Azoles 



In the reactions considered here the N-acyl group functions as a readily cleavable pro- 
tecting group in facilitating exclusive alkylation at normally unfavored positions in the 
azole moiety. tl] 

Example: Synthesis of l-ethyl-5-phenylimidazole 

C 6 H 5 C 6 H< A C 6 H 5 / C 2 H 5 C 6 H 5 / C 2 H 5 

() QH,CQC1 > I } (C 2 H g ),OBF 4> (f Na^CO, > (^ 

N N N 4 H 2 N 

H COC^L 5 COC 6 H 5 

95% 91% 

In the direct alkylation of 4-phenylimidazole the desired l-ethyl-5-phenylimidazole is 
obtained only as a minor product: [1] 

f J C,H,I f ^ f $ f ^ 

N NaOCH 3 N N N 

H C 2 H 5 H 

7% 44% 41% 

For this reason the regioselective methylation of various 4-substituted 1 -acetyl- 
imidazoles was studied. [2] While reaction with l-acetyl-4-phenylimidazole furnished the 
isomers l-methyl-5-phenylimidazole and l-methyl-4-phenylimidazole in a ratio of 93 : 7, 
reaction with l-acetyl-4-methylimidazole produced an isomer ratio of 86:14. 

N 86% N N 

COCH 3 CH 3 

93 7 

The Af-alkylazoles in Table 19-1 can be prepared readily by the alkylation of azolides 
and subsequent cleavage of the acyl group. 



444 19 Substitution Reactions on Azoles 

Table 19-1. JV-Alkylazoles from imidazolides and triazolides. 



Azolide 




Alkylating 
agent 


tf-Alkylazole 


Yield 
(%) 


Ref. 








/ C6H|3 






o 

N 




C 6 H l3 Br/NaI 


9 


80 


[3] 


COCHj 






/CH 2 ) 3 C0 2 C 2 H 5 






9 




Br(CH2) 3 C0 2 C 2 H 5 /NaI 




80 


[4] 


COCH, 






/CH 2 ) 3 CN 






9 




NC(CH 2 ) 3 Br/NaI 


Q 


74 


[3] 


COCH, 






CH 2 CvX^Hj 






9 




C^COCHjBr 


jF* n ' 


91 


[3] 


COCH, 






/ CH^CH"CH 2 






9 




CH 2 CH=CH 2 Br 




82 


[3] 


COCH, 






/TH 2 C 6 H 5 






N 




C 6 HjCH 2 Br 




99 


13] 


COCH, 






CH.C^-p-CH, 






9 




p.CH 3 C 6 H4CH 2 Cl^al 




92 


[4] 


COC 6 H 5 












CH 3 2 CCH 2 CH 


N 
COC 6 H, 


e 

(CH 3 ) 3 OBF 4 

i 


CH 3 2 CCH 2 CH 2 , CH 3 

9 


97 


[5] 


CH, 

9™ 


* 


C^CH^r 


CH 3 , CH 2 C 6 H 5 


55 


[6] 


COCH, 






CH 3 










e e 

(CH^OBF, 




88 


[13 


COCH, 












rt N > 




e e 

(C 2 H 5 ) 3 OBF 4 


.C 2 H 3 

rt N > 


94 


[1] 



COCH, 
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L-1-Alkylhistidines are conveniently obtained by the following route: [7] 



O C0 2 CH 3 O C0 2 CH 3 O C0 2 CH 3 

C 6 H 5 -C-NH -CH CgHs-C-NH-CH C 6 H 5 -C-NH-CH 

? H 2 CH 2 q CH 2 

^ N WOCl Jv n (CH^OBF, ^ A 

N-* 95% l-» BF© IsP 

H ' 



O C0 2 CH 3 @ C0 2 H 

C^-C-NH-CH H 3 N-CH 



t~n 2 L,n 2 

gf^ > A-CH 3 -SL-* > N -CH 3 

91% \ N=/ 75% \ N-/ 



H- 2C ' 



,e 



The 2-adamantyloxycarbonyl group has been found suitable for protection of the 
imidazole function in histidine during peptide synthesis. [7a] 

Alkylative decarboxylation of JV-alkoxycarbonylpyrazoles yields JV-alkylpyrazoles: [8] 

Example: 



Br CH 3 Br CH 3 Br CH 3 

Cv c ° 2 Ji N 

^C=0 e © CH 3 

OCH ^^ 1 90-100% 



A similar alkylative decarboxylation takes place during the thermolysis of 1-alkoxy- 
carbonylbenzotriazoles. [8a] 

Syntheses of JV-alkyl-l,2,4-triazoles and JV-alkylbenzotriazoles have been carried out 
with the aid of the JV-phenylsulfonyl protecting group: [9] 

a) Alcoholates react with l-phenylsulfonyl-l,2,4-triazole via a triazole anion and a 
sulfonic acid ester to give the AT 1 -alkylated triazole. 

jsT^ (CH,) 2 NCH 2 CH,ONa® j"*) 

i ^ 

S0 2 C 6 H 5 CH 2 CH 2 N(CH 3 ) 2 

61% 
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The following mechanism has been suggested: 
RONa^ 



N 



S0 2 QH 5 



N N > 

N 

e 



r> 



Na w ^ROSOAH^ 



N N ^ + NaOS0 2 C 6 H 5 



b) By an analogous reaction of alcoholates with A^/V'-sulfonyldibenzotriazole a 
mixture of 1- and 2-substituted benzotriazoles was obtained: 



a: 
a: 



SO, 

N 



RONa 






i 
R 



S0 2 ONa 



intermediates: 



■M 



fi and 
SCOR 



Ne 



Na 



ffi 



ROH 


Yield (%) of 

1- + 2-alkylbenzotriazoles 


(CH 3 )2NCH 2 CH 2 OH 

^ Q ^CH 2 OH 
sec-C 4 Hg 


74 

73 
46 



These reactions correspond to the transformation of sodium benzylalcoholate with 
benzenesulfonic acid imidazolide, leading to JV-benzylimidazole [10] (see also references 
[11] and [12]): 



c 



N 



C 6 HsCH 2 ONa 



€N 



QHsCHjOSOzC^ 






N 

1 

CH 2 C 6 H 5 
90% 



QHjSOjNa 



19.2 Syntheses of C-Substituted Azoles 



2-Substituted Imidazoles 

a) Lithiation of sulfonylimidazoles and subsequent reaction with an electrophile 
leads cleanly to the 2-substituted imidazole.* 131 
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n-CJAJLA or 

f^ ,< W i y f % J^ f^ _NH^ f» K 

N N N l N l 

S0 2 C 6 H 5 S0 2 C 6 H 5 S0 2 C 6 H 5 H 

6,6% 71% 

b) Reaction of an imidazole at C-2 with an alkenyl iodide is achieved via the 
azolide l-dimethylsulfamoyl-2-trimethylstannylimidazole: cl4] 

CH, CH, CH, v N ^Sn(CH 3 ) 3 CH 3 CH 3 CH 3 N-* 

f^V^ SQ 2 N(CH 3 ) 2 ^ ^vy^/ 

Sr'^CH, WlWtfWA Sc^^cH 3 S0 2 N(CH 3 ) 2 

CH 3 CH 3 v*H 3 CH 3 

55% 



\. tert-C^U CHvCH 3 CH 3 N-a CHvCH, CH 3 N-a 

2C1C0 2 C 2 H S > r^^l^^^^N^COAHs HC1 > r^Y'^^^N ro * H 

Sr^^CH, S0 2 N(CH 3 ) 2 S(^n^cH 3 H 

CH3 CH 3 CH3 CH 3 

70% 91% 



4(5)-Substituted Imidazoles and Pyrazoles 

An AT-dimethylsulfamoyl-protected 4-iodoimidazole is joined with N-tert-butoxy- 
carbonyl-4-piperidone via a Grignard reaction to give, in good yield after dehydration and 
elimination of the two protecting groups with concentrated HC1, 4(5)-(l,2,5,6-tetra- 
hydropyridin-4-yl)imidazole as dihydrochloride: [15] 

l.C^MgBr ^^1 H HN^sHCl 

V-N 2. 0=< N-Boc ^iT"N „„, ^i^N 

N N 95 °C N 

S0 2 N(CH 3 ) 2 S0 2 N(CH 3 )2 H 

50% 80% 

Further examples for the preparation of 4(5)-substituted imidazoles with AT-sulfa- 
moylimidazoles are given below. In these cases both the sulfamoyl and the silyl groups 
are used as protecting functions (bisprotection of the imidazole moiety). tl6] 



448 
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a) 



1.C1S0 2 N(CH 3 ) 2 
2. sec-QH^i 



O 3:WSiC1 > C^SKCR 



N ^Si(C 2 H 5 ) 3 
S0 2 N(CH 3 ) 2 



1. s-QH^i 

2. electrophile 






N 
S0 2 N(CH 3 ) 2 



1.5-C 4 H9Li 
2. electrophile 



N 
H 



Electrophile 


E 




Yield 


(C 6 H 5 ) 2 CO 


(C 6 H 5 ) 2 C(OH) 


78 


co 2 


C0 2 H 




74 






(as ethylester) 


C1S0 2 N(CH 3 ) 2 


a 




72 



2% KOH i 



reflux, 12 h 






Electrophile 


E 


Yield (%) 


(CH 3 ) 2 S 2 


CH 3 S 


92 


CH 3 I 


CH 3 


96 


CJ^rljC- H 2 Br 


CeH 5 CH 2 


64 


CH 3 OD 


D 


89 


(CH 3 ) 3 SiCl 


(QWJSi 


88 



Yield (%) 



CH 3 S 90 

CH 3 92 

C 6 H 5 CH 2 64 

H 92 

H 89 



b) 



N 
S0 2 N(CH 3 ) 2 



I.C4H9U 

2. /err-C 4 H 9 (CH 3 ) 2 SiC l 



V . <^ Si(CH 3 ) 2 - tert-CJl, 



N 
S0 2 N(CH 3 ) 2 



l.QHyLi 



H 3 C CH 3 
2. / VcOCl 



CH 3 

«' C H 

O S0 2 N(CH 3 ) 2 





91% 



99% 



c) In reference [17] the reaction of 2,3-(9-isopropylidene-5-0-trityl-j?-D-ribofur- 
anosyl chloride with l-A^-dimethylsulfamoyl-2-terr-butyldimethylsilylimidazole lead- 
ing finally to 5-(5-hydroxymethylfiiran-2-yl)imidazole is described: 
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(C 6 H 5 ) 3 CO-i,OCl n Si(CH 3 ) 2 -*-C 4 H 9 N 

°Y° W SOjNCCHj^ 



76% 



CHj CH 3 OH 



HCl/THF^ HOOW / N 



58% 



d) The stereoselective synthesis of 5-(^-D-ribofuranosyl)-imidazoles can be 
accomplished by conversion of the lithium salt of a 2-silylated JV-(dimethylsulfamoyl)- 
imidazole with a ribose derivative followed by a Mitsunobu cyclization. [14a] 

\ / SQ 2 N(CH 3 ) 2 ^ Y_/ S N^ Si < CH 3)rr-C 4 H 9 

OBn OBn OBn OBn S0 2 N(CH 3 ) 2 

quant. 

,OH NCON(CH 3 ) 2 

BnO-^f 

Hi 
1.5 nHCI 



,,° H NCON(CH 3 ) 2 *- N 



OBn OBn H OBn OBn 

95% 92% 

Bn = C 6 H 5 CH 2 



From silylated JV-sulfamoyl-protected imidazoles or pyrazoles, imidazolyl or pyr- 
azolyl anions can be generated with the strong base CsF (carbodesilylation) and subse- 
quently treated with electrophiles. In this way 5-substituted imidazoles or pyrazoles can 
be prepared after the deprotection of N(l): [18] 

a) l.C 6 H 5 CHO/CsF,DMF,60°C 

S0 2 N(CH 3 ) 2 OH S0 2 N(CH 3 ) 2 ° H 

77% 43% 
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b) 



JT\ C 6 H 5 CHO / CsF, P MF, 80 °C _ /~\ 

S0 2 N(CH 3 ) 2 OH S0 2 N(CH 3 ) 2 





ft A 



C 6 H 5 CH%' N C 6 H 5 C^ N " N 

OH H O H 

77% 69% 
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20 Azote-Transfer Reactions to 
Carbon Atoms 



Imidazole- and Triazole-Transfer Reactions to Tertiary 
Alcohols, Halides, and Acetates 

The first imidazole-transfer reactions to alcohols [1] , i.e. substitution of an OH group by a 
1 -imidazole moiety, were accomplished in moderate to good yield by means of CDI via 
the imidazole-Af-carboxylates at high temperature if a primary or a secondary alcohol is 
converted (250-260°C, if R = C 2 H 5 , [1] ' [2] and 110°C, if R = C 6 H 5 CH 2 or (C 6 H 5 ) 2 CH [1] ). 

R _ OH -92£^ R-i-O, -g-^R-N^L 
-ImH Nc^sN -C0 2 Ns^sN 

The reaction of imidazole-N-carboxylates with a second mole of alcohol to give the 
carbonic diester are dealt with in Chapter 3.8. 

Tert-butyl imidazole-N-carboxylate fragments on heating (160-170°C) into iso- 
butene, imidazole and C0 2 . tl] 

The corresponding reaction of CDI (A) with tertiary alcohols, the carbonium ions of 
which are relatively stable like, for example, triarylmethanols, are carried out at much 
lower temperature (often room temperature, CH 3 CN, CH 2 C1 2 , or CHC1 3 , several hours) 
and are therefore of general preparative value. 

* CDI (A) * £ A**i * /***■ 

R-C-OH — T „ > R-C-OC-N I ^r-^R-C-N I 

1 -InjH • N^ssN -C0 2 • \^N 

K. K. K. 

Other applicable imidazole-transfer reagents include N^-sulfinyldiimidazole (B), 
diimidazolylsulfide (C) and tris(imidazolyl)phosphine (D). The 1,2,4-triazolyl group is 
transferred by Af^'-sulfinyldi-l^-triazole (E) or tris(l,2,4-triazolyl)phosphine (F). 

ImSOIm N ^\ /^ N ^N % N^ ^ ^ 

(B) lw N -f- N v^ N^ N - S °- f U N^-f-^N 

V (E > is 

(C) (D) (F) 

Some examples which found applications as antimycotics, fungicides and plant 
growth regulators are collected in Table 20-1. 



452 20 Azole-Transfer Reactions to Carbon Atoms 

Table 20-1. N- Substituted imidazoles and triazoles prepared by transfer reactions of 
azolides A— F with tertiary alcohols of the triphenylmethanol type and analogues. 



Azolide reagent Azole product 



Yield (%) Ref. 



C 6 H 5 
C 6 H 5 -C-Im 



Br 




47 



[3] 



C 6 H 5 
C 6 H 5 -C-Im 
C*H S 



50 



[4] 



H 3 C CH 3 

p-C 6 H 5 C 6 H 4 -C-Im 
C 6 H 5 



49 



[5] 



OC 2 H 5 
0=P-OC 2 H 5 
C 6 H 5 -C-Im 



50 



[6] 



C 6 H 4 -p-Cl 
HC=C-CH 2 -C-Im 

C 6 H 4 -p-Cl 



23 



[7] 



D 




C 6 H 4 -/?-F 



66 



[8] 




89 



[9] 
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Table 20-1 (Continued) 

Azolide reagent Azole product Yield (%) Ref. 



C 6 H 5 m 
S H,-C-N J. 



C 6 H 5 -C-N I 90 [10] 

C 6 H 5 ^ 



i-C 3 H 7 -N N 

p-FQH.-C-N I 67 [11] 

I NT 
C 6 H 4 -m-Cl 



Triarylmethylazoles can also be synthesized by azole-transfer reactions of triaryl- 
methyl halides or acetates with azolides. In a similar manner 2,4,6-trinitro- 
phenylazoles are obtained from 2,4,6-trinitrophenyl chloride: 



9* r o mim ?6H ; 



ro-ClC 6 H 4 -C-Br ~ 3 ~~" > m-ClC 6 H 4 -C--Im 

80% [12] 

m-ClC 6 H 4 -C-OAc CH 3 COIm > m .ciC 6 H 4 -C-Im 
Q H 5 C 6 H 5 

59% [13] 

,CH 3 



CH 3 ^ .,. 



CH 3 



N0 2 N0 2 CH 3 

93% [14] 



For imidazole-transfer reactions leading to imidoylimidazoles by conversion of 
secondary amides or thioamides with sulfinyldiimidazole, see reference [14a]. For imi- 
dazole-transfer reactions with nucleobases see Section 12.11. 
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Azote-Transfer Reactions with Benzylalcohols and Secondary Alcohols 

Internal hydrogen bonding promotes imidazole transfer in the reaction of primary and 
secondary benzyl alcohols with CDI (A) or ImSOIm (B): [15L[16] 



a) 




OH 

CH 
R 



:oh 



AorB. 




°*H 

CH'O-X-Im 

i" y 
R 



X=Y: C=0 or S*0 



- C0 2 or S0 2 




Azolide reagent Yield (%) 



H 


A 


44 


H 


B 


33 


CH 3 


A 


42 



OH 

CH-Im 
R 



Imidazole-transfer reactions with variously substituted 2-hydroxybenzyl alcohols 
include, for example, the following reaction: tl53,t163 




OH 

CHOH 

i 

R 



CDI or ImSOIm 
- C0 2 or - S0 2 




OH 

CH-Im 

i 

R 



X 


R 


Azolide 
reagent 


Yield (%) 


5-N0 2 


H 


A 


31 


5-N0 2 


H 


B 


61 


5-C1 


QH 5 


A 


27 


5-C1 


C A 


B 


23 



b) Secondary alcohols mainly of the diphenylmethanol type lead to imidazole 
compounds in moderate to good yield with ImSOIm (B), CDI (A), or sulfinyldi- 1,2,4- 
triazole (E), as shown in Table 20-2. 
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Table 20-2. Imidazoles and triazoles prepared through transfer reactions of azolides 
to secondary and tertiary alcohols. 



Azole product 


AzoUde 
reagent 


Yield (%) 


Ref. 


Im 


B 


53 


[17] 


/-v*V COjCH3 

r-C 4 H,-CH-f H 


B 


78 


[18] 


p-QHAft-CH-GaH, 
Im 


B 


56 


[19] 


N^wCHQH, 


A 


43 


[20] 


CH 3 








C 6 H 5 CH=CH-CH-C 6 H 5 

Im 


A 


81 


[21] 


C 6 H 5 CH =CH -CH =CH -CH -C^ 


A 


35 


[21] 


Im 








Im r 


B 


94 


[22] 



QH 5 



NH, 



( VcH-Im 

CI ^ 5 

o 

II 


A 
B 


29 
45 


[15U16] 
[15],[16] 










^0J.H 
C 6 H 5 ^o"^^Im 








A 


86 


[22a] 


N0 2 








C 6 H 5 CH=CH-CH-C 6 H 5 


E 


57 


[21] 


< N 
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c) With o-hydroxy-a,a-dimethylbenzyl alcohol or o-amino-a,a-dimethylbenzyl 
alcohol no imidazole transfer occurs; instead, a CO insertion reaction is observed:* 15 ^ 



a 



H 
° H CDI ^ f^V°V° f^V NH 2 CDI ^ f^Y N Y° 



->► 




c ,OH 95% ^tA^ ^A c - OH 71% VkyO 

H 3 C CH 3 H 3 C CH 3 h 3 C CH 3 H 3 C CH 3 

Also, in the reaction of o-hydroxyphenethyl alcohol with CDI or ImSOIm no imi- 
dazole is transferred, but the imidazole- 1-carboxylate and the 1,3,2-benzodioxathiepin, 
respectively, are formed: [15][16] 



O 

*(CH 2 ) 2 - -CO-Im 9% ^^(CH 2 ) 2 OH 50% kA_7 

On the compounds in references [15] and [16] no experimental details are given. 



Imidazole- and Pyrazole-Transfer Reactions with Ketones, 
Aldehydes, and Carboxylic Acids 

Ketones and aromatic aldehydes undergo facile addition reactions with CDI (A) or better 
with AyV'-sulfinyldiimidazole (B) to give diimidazolylmethanes and N-alkylene- 
imidazoles, depending on the presence of hydrogen atoms a to the carbonyl group: 



R 1 ^ CDI or ImSOIm 



R» R 1 



2x .C=0 " > Im-C-Im + Im-C=CHR 3 



Azolide Diimidazolyl- N -Alkylene- Ref. 
R l R 2 reagent methanes imidazole 
yield (%) R 3 , yield (%) 



C 6 H 5 


CH 3 


B 


37 


H 


12 


[23] 


C 6 H 5 


H 


B 


30 




— 


[23] 


p-CH 3 OC 6 H 4 


CH 3 


B 


49 


H 


2 


[23] 


p-NOA^ 


CH 3 


B 


26 


H 


33 


[23] 
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{continued) 



R 1 


R 2 


Azolide 
reagent 


Diimidazolyl- 
methanes 
yield (%) 


N -Alkylene- 
imidazole 
R 3 , yield (%) 


Ref. 


p-CH 3 C 6 H 4 


CH 3 


B 


32 


H 


7 


[23] 


a-pyridyl 


QH 5 


B 


57 




— 


[23] 


a-pyridyl 


H 


B 


57 




— 


[23] 


CH 3 


CH 3 


B 


26 


H 


4 


[23] 


t>-HOC 6 H 4 


C 6 H 5 


B 


82 




— 


[23] 






A 


37 




— 


[23] 


o-HOC 6 H 4 


CH 3 


B 


— 


H 


94 


[231424] 






A 


— 


H 


31 


[23] 


o -HOC 6 H 4 


C 2 H 5 


B 


— 


H 


75 


[25] 


OH 
> — £ 














Cy 


CH 3 


B 


— 


H 


70 


[26] 


THPO 















Transfer reactions can also be carried out with A^'-sulfinyldibenzimidazole. [26a3 
For these reactions the following mechanism has been suggested: 



/ 



-SO, 



N-C-N 



R /-v Im 

C=0 N S-Im 
• - « 

R 2 O 



O 



R 1 

I N-C-O-S-N I 
HCH 



VJ 



-so 2 

-ImH 



I N-C=CHR 3 



Benzophenone, p-methoxybenzophenone, and aliphatic aldehydes do not react with 
ImSOIm. [23] 

Reactions with co-substituted acetophenones yield mixtures of the two stereoisomeric 
Af-alkylene-imidazoles: f 27] 




O 

ii 

. C "" CH2SCH3 
OH 



ImSOIm 



c 

^ON N 

UJ + 

OH 
56% 




H^ .*SCH* 
C 

.ON N 
OH 
12% 
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In the reaction with ketones, Af-chlorosulfinylimidazole (ImSOCl) shows greater 
reactivity than sulfinyldiimidazole: t28] 



O 

ii 

r'-c-r 



, - 2 ImSOCl 




OSOC1 
R'-C-R 2 



ImSOCl /- S0 2 
SOCl 2 



Im J 
■HC1 

■ so 2 



-SO, 



-^ R'-C-R 2 



Im 

i 

C-I 

Im 



r'-c-r 2 



R'-C^CHR 3 

Im 



CI 

c- 

1m 



o 

1 ■' 

R l -C' 
R 1 


-R 2 
R 2 


Azolide 
reagent 


a-Chloro-ot 
imidazolyl 
product (%) 


N-Alkylene 
imidazole 
product (%) 


Diimidazolyl 
methane (%) 


C 6 H 5 


C 2 H 5 OCO 


ImSOCl 


62 


- 


- 


C 6 H 5 


C 2 H 5 OCO 


ImSOIm 


8 


— 


25 


C6H 5 


C 6 H 5 CO 


ImSOIm 


1 


— 


32 


CA 


CH 3 


ImSOCl 


— 


14 


19 


CH, 


CH, 


ImSOCl 


— 


2 


2 



A^/V'-Carbonyldipyrazole reacts with ketones such as acetone, methyl ethyl ketone, 
and cyclic ketones, as well as such aldehydes as acetaldehyde and benzaldehyde to give 
dipyrazolylalkanes, also in the presence of catalyst, for example cobalt chloride. [29],[30] 



R'-C-R' 



u^ N - c - i O 



r* N v 



CoCl 2 



N. 



N 



N 
1 

C 

1 



R 1 R 2 


Yield (%) 


CH 3 C2H5 


84 


-(CH 2 ) 3 - 


82 


CH 3 H 


75 


C,H ? H 


48 



The dipyrazolylalkanes form complexes with CoCl 2 , from which the ligand can be 
easily separated. 2-Methylcyclohexanone, acetophenone, and benzophenone did not 
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undergo this reaction with AT,W-carbonyldipyrazole. The synthesis of bis(pyrazol-l- 
yl)(pyridine-2-yl)methane from AT,W-carbonyldipyrazole and pyridine-2-aldehyde, as 
well as the analogous synthesis of bis(pyrazol-l-yl)(Ar-methylimidazole-2-yl)meth^ie, 
were accomplished without addition of the CoCl 2 catalyst. t31] 

Analogoues reactions with variously substituted bispyrazolides and triiron dodeca- 
carbonyl as catalyst are reported. [32],t33] For these transformations the following 
mechanism has been suggested: 






+ M' 



M 2 



r\-c-/ji 





© C C 
w it n 

O O 


R 2 CO 


U 


A 0- 

R^-N-N -CO. 


> N ' 

R R *0 



If competitive aldehydes or ketones are used, preferred or exclusive formation of the 
sterically least hindered alkylidene dipyrazole is observed. t32 ^ If AT^'-carbonyldipyrazole 
is heated at 190 °C a pyrazole-transfer reaction also occurs to give tetrapyrazole-1-yl- 
methane in 50% yield. [33] 

In the reaction of heptafluorobutyrylimidazole with a carboxylic acid such as 2- 
ethylhexanoic acid, the imidazole group is exchanged quantitatively. 



C 3 F 7 COIm + CH 3 (CH 2 ) 3 CHC0 2 H 
C 2 H 5 



->• CH 3 (CH 2 ) 3 CHCOIm + C 3 F 7 C0 2 H 
C 2 H 5 



This azole transfer has been used for expedient gas chromatographic determination of 
2-ethylhexanoic acid. [34] 



Addition of Azolides 



In contrast to the reactions presented above, the reactions described below yielded 
isolable addition products. 
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a) In the reaction of carboxylic acid imidazolides with aldehydes in the presence of 
zinc chloride as catalyst, 1-imidazolylmethyl esters are obtained: [353 The yield was low in 
the case of unsaturated aldehydes. 



R'-C-Im + R 2 CHO 



ZnCl 2 , CH 3 CN 



O FT 
■>* R'-C-O-CH-Im 



R' Yield (%) 



CH 3 



H 72 



v*2"5 C<ri 3 53 

/>-CH 3 C 6 H 4 H 79 
p-CH 3 C 6 H 4 CH 3 54 



An analogous reaction with an o-hydroxybenzaldehyde proceeded with migration of 
the acetyl group: [36] 



Clx^s^CHO 

*OH 



CH.-C-U- * l^JL CH ,CN 



CI 



N^S^ 1 



"c. 






VWcH, 



CI 



^O-C-CH, 
OH ° 

46% 



b) AT-acetylimidazole reacts with ethylene carbonate under elimination of C0 2 : t37] 



.0) 



to L ^ 

CH 3 



O 
CH,CH 2 -0-C-CH 3 



40% 



N 
H 
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c) In the reaction of 1-phenylsulfonylbenzotriazole with aromatic aldehydes an 
arylbenzotriazolylmethyl phenylsulfonate is formed (benzyl-stabilized carbocation), 
which can be used further in a Friedel-Crafts type reaction with aromatic compounds to 
afford benzotriazolyldiphenylmethanes. [38] 



• N * / \ ^ ~£^Sx ~' N *_ mesitylene w 

C 6 H 5 S0 2 -N ^ + Cl-^-CHO — ^ C 6 H 5 S0P-C-N> ^^ > 





CH 



o 



\— f H >-( 



56% 



In addition to mesitylene, 2-methoxynaphthalene, 1,3,5-trimethoxybenzene, xylene, 
and anisole have also been benzotriazolylalkylated in this way (the latter two in lower 
yield). 

d) Reaction of CDI with propynoic acid or 3-butynoic acid leads, along with the 
expected reaction of the carboxy group, to addition of the resulting imidazole to the triple 
bond, giving stereoselectively l-[(£)-3-(l-imidazolyl)-2-alkenoyl]imidazoles [39] (see also 
the reaction of CDI with unsaturated carboxylic acids in Chapter 3): 

CDI r ~1 ^ H. ^.COIm 

H-C=C-C0 2 H >* lH-C=C-COIm + ImHJ — ^ T >=<„ 

58% 
Suggested mechanism for the reaction of butynoic acid and CDI; 

H-C=C-CH 2 -C0 2 H €PI > [H-C=C-CH 2 -COIm + ImHJ — > 

r 1 _ CH 3 ^ ^COIm 

CH,-C=C-COIm + ImHJ — ->- T 3 >— <„ 
•— — ' Im H 
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21 Syntheses of Organic Halides/ 

Pseudohalides and Aromatic Amines 



Organic Halides/Pseudohalides from Alcohols 

The conversion of primary and secondary alcohols into alkyl halides via imidazolides can 
be achieved by five different routes: 



A «™* CDI.R'X _ R-N^ °0- B N^ 

RouteA: ROH ^^ > l^NjC-OR X° -^-^ RX + ^N-R' 



V 



NaY N^ 

■^ RY + NaX+ LN-R' 



Y = CN 

Route B: ROH ^ 

NaH 

DMF^ 



(QH^NF 

THForDMF 



Routed ROSi(CH 3 ) 3 




CH 3 -Im-S0 2 OR 



so 2 ci, ^ __ I @ 



Route D: ROH 2 l > ROS0 2 Cl 



1. R'X 

RouteE: ROH ImS ° Im > ROSOIm -^21 ^ RY 

c.f.R'X = CH 2 =CHCH 2 Br 

Y = CN 



Route A [1] is very convenient for the substitution of OH groups by bromide or iodide. 
The reaction conditions are relatively mild (acetonitrile, room temperature, and reflux for 
1-3 h, neutral medium). The activating halide (methyl iodide, allyl or benzyl bromide) is 
added in excess (5 equivalents) or in large excess (10 equivalents) when the resultant 
halide is nearly as reactive as the activating halide. The imidazolium-iV-carboxylates are 
the important intermediates, which undergo a displacement reaction to give the halides, 



466 21 Syntheses of Organic Halides/Pseudohalides and Aromatic Amines 

under elimination of C0 2 , in high yield. The reaction is usually carried out as a one-pot 
procedure. Racemization occurs in reactions with optically active alcohols. The method is 
not expedient for preparing alkyl chlorides or fluorides. [1J 

Routes B, C, and D permit the hydroxy groups of carbohydrates to be converted via 
the alkoxide into imidazolesulfonates, which readily undergo nucleophilic substitution 
with F~, Cl~, I~ and N^~ at room temperature or in refluxing THF or toluene to give the 
corresponding halide in high yield. f2J Benzoates can also be obtained by this displace- 
ment reaction (see Section 3.1.7). In route B the alkoxide is generated by sodium hydride, 
in route C by treatment of the trimethylsilylether with tetrabutylammonium fluoride. The 
resulting alkoxide reacts further with N^'-sulfonyldiimidazole to give the imidazole- 
sulfonate as a stable crystalline solid or a syrup. Route D proceeds through initial 
formation of a chlorosulfate ester. [2] Imidazolesulfonate anion or especially 
imidazoliumsulfonate constitute very good leaving groups. Route E corresponds to route 
A replacing CDI by iN^'-sulfinyldiimidazole. 

Table 21-1. Halides prepared from alcohols via imidazole-iV-carboxylates, -sulfonates and -sulfinates. 



Alcohol 


Route Intermediate KX/X^ 


Product 


Yield Ref. 


ROH 


imidazolide and Y® , resp. 


RXand 


(%) 




yield (%) 


RY, resp. 





C 6 H 5 (CH 2 ) 3 OH 
QH 5 (CH 2 ) 3 OH 
C 6 H 5 (CH 2 ) 4 OH 
C 6 H 5 CH 2 CHOH 

CH 3 
C 6 H 5 (CH 2 ) 2 CHOH 

CH, 
C 6 H s CH 2 CHOH 

CH 2 C 6 H 5 
CH,0 



kAcH.?: 00 ^ 



ch-p: 

OH 



OC4H9 



lO-l 



CH 3 
QH, 



„/\^)Bn > 
H 0N--I/OCH3 

OH 

Bn = C 6 H5CH 2 




A not isolated CH 2 =CHCH 2 Br 

A not isolated CH 3 I 

A not isolated CH 2 =CHCH 2 Br 

A not isolated CH 3 I 



A not isolated CH 2 =CHCH 2 Br RBr 
A not isolated C 6 H 5 CH 2 Br RBr 

A not isolated CH 2 =CHCH 2 Br RBr 



RBr 


97 


[11 


RI 


96 


[13 


RBr 


98 


[1) 


RI 


80 


[1] 


RBr 


94 


IU 


RBr 


95 


in 



quant, [la] 







Nal 


RI 


81 


[2] 


D 


81 


CH 3 I/ImH 


RI 


78 


[2] 






[CH 3 (CH 2 ) 3 ] 4 NF 


RF 


75 


[2] 






NaN 3 


RN 3 


81 


[2] 


B 


87 


[CH 3 (CH 2 ) 3 ] 4 NC1 


RCl 

(inversion) 


78 


[2] 


D 


96 


[CH 3 (CH 2 ) 3 ] 4 NI 


RI 

(inversion) 


82 


[2] 






[CH 3 (CH 2 ) 3 ] 4 NC1/ 


RN 3 


89 


[21 






NaN 3 


(inversion) 






C 


91 


[CH 3 (CH 2 ) 3 ] 4 NI 


RI 


71 


[2J 








(inversion) 


see also [2a] 


D 


91 


[CH 3 (CH 2 ) 3 ] 4 NC1/ 
NaN 3 


RN 3 

(inversion) 


61 


12} 
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Table 21-1. (continued) 



Alcohol 


Route Intermediate R*X/X^ 


Product 


Yield Ref. 


ROH 


imidazolide andY®,resp. 


RXand 


(%) 




yield (%) 


RY, resp. 





CH, O 

CH 3 o 

p<:h,oc 6 h 4 ch 2 o^^oh 




CH 3 



*°3y=^ 



chV 

CH ' CH 3 



OCH 3 



B 94 



glucopyranosyl-a - L-a-L-rhamnopynuioside 



NaN, 



RN 3 



83 [3] 



QH 5 -^ 



°-S^ 



HN _ 



D 87 [CH 3 (CH 2 ) 3 ] 4 NI R-a-or^-I 85 [4] 



o y — O v 



CH 
CH 3 ' 



37X /0CH 2 CJ1 5 

HO 

\ fOCOC 6 H 5 



C 6 H 5 CO ; 

C^COO OH 



D 68 



D 85 



[CH 3 (CH 2 ) 3 ] 4 NC1/ RN 3 80 [5] 



NaN, 



KHF 2 /HF 



(inversion) 



RF 63 [6] 

(inversion) 



CH(0CH 3 ) 2 
H-4-OH 

C°+ H 



,CH, 



■O CH 3 
-O CH 3 
HH~0 CH 3 



H 



och 3qh 

CH 3 O^T^ 



CH 3 QCH 



B quant. NaN 3 



B 95 



RN 3 64 [7] 

(inversion) 



[CH 3 (CH 2 ) 3 ] 4 NI RI 



81 18] 



C 6 H 5 
OH 



CH 2 C$H5 



c 


95 


CH 3 I/KCN 


RCN 


89 [9] 


E 


59 


CH 2 *CHCH 2 Br/ 

NaCN 


RCN 


50 [10] 



The displacement reaction of a vicinal bis(imidazolesulfonate) via the bisiodide has 
been used for double deoxygenation of methyl 4,6-Obenzylidene-/?-D-galactopyrano- 
side:" 1 ' 
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C 6H 5 ^9 



HO 




i.so 2 ci 2 

_ 2. ImH ^ .. y . .. , %£f v Nal, Zn-powder _ 

O TZ1Z ^ bis(imidazolesulfonate) K >- 

OCH 3 DMF 
OH 73% 



CftHs^Q 




C 6H 5 ^9 



H 2 (Pd/C) 



OCH, 




O 



OCH, 



66% 



98% 



Af-Alkoxycarbonylimidazoles can also be converted to chlorides by treatment with 
acetyl chloride. Anomeric chlorides are thereby produced, with inversion of the initial 
stereochemistry. 112 * 



CDI 



O 



ROH > RO-C-Im ^^l > RC1 

- 78 °C to °C 



quant. 



>97% 



BnO^O^ 

BnO'* ^f % OBn 
OBn 

Bn = C$H 5 CH2 



The activation of an anomeric hydroxyl group from partially protected or unprotected 
monosaccharides can be achieved via 1,2-cyclic sulfite formation. A subsequent trans- 
ring opening with azide N^ affords one anomeric derivative exclusively:^ 133 



r"° 



s V ^„ ImSOIm ^ I ° v LiN 3 ^ ^" Q ^ 

s V^OH — >» s ) — " > 

1 r ~~ <o DMF 



> / DMF 

n oh 



o-so 



OH 



By this stereoselective one-pot synthesis the following 1,2-fraws-glycosylazides have 
been obtained: 



OH OH 




OAc 



N 3 

HO N ( 

OH 



64% 



72% 



70% 



72% 



21 Syntheses of Organic Halides/Pseudohalides and Aromatic Amines 469 

An azide group can be transformed into a thiocyanate group by reduction with LiAlH 4 
followed by treatment with N^'-thiocarbonyldiimidazole. [14] 




CH 3 



CH 3 ^ C H 2 
CH 



(CH 3 ) 3 SiO 



l.LiAlH 4 CH 

2.ImCSIm CH, 



S0 2 C 6 H 4 -/?-CH 3 




(CH 3 ) 3 SiO 
> CH 3 *CH 2 JL # CH 3 *CH 2 

ch rr-CH 



NCS 




NCS 



48% 



6% 



Aromatic Amines from Phenols 

Phenols can be converted with trifluoromethylsulfonic imidazolide in the presence of 
sodium hydride into the corresponding trifluoromethylsulfonates, which react with 
potassium amide/ammonia to give aromatic amines. tl5] 









SVs so°c VVS 



33 °C 



TgN 




20%(+ 54% phenol) 



R-C^CH^-C-O- 
CH 3 



This method is superior to that involving the phosphoric ester (treatment first with 
(C 2 H 5 0) 2 P0C1 and then with KNH 2 ). 
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22 Reactions of Vinylogous Azolides 



3-Heterosubstituted 2-Alkene-l-ones 



3-(l-Imidazolyl)-2-alkene-l-ones, which are vinylogous azolides, react like azolides with 
nucleophiles HX such as alcohols, phenols, mercaptans, and amines to give vinylogous 
esters and amides, respectively. For the reaction with phenols it is expedient to introduce 
the methiodide of 3-(l-imidazolyl)-2-alkene-l-one because of its greater reactivity. [1] 
The reactivity of the quaternary salt was found to be nearly equal to that of a 3-chloro-2- 
alkene-l-one. [2] 



O R 2 



,,^^-ch, i£_^ d1 JU' x 



W (C2H 5 ) 3 N 

G 



2 

[1] 



R' 


R 2 


HX 


vinylogous ester 
yield (%) 


CHj 


CH 3 


p-CH 3 C 6 H 4 OH 


63 


C 6 H 5 


CH 3 


p-ClC^OH 


71 


CH, 


CeH 5 


p-CH 3 C 6 H 4 OH 


50(E/Z = 2:1) 


CfiH, 


p-CftzC<fi 4 


p-CH^OC^OH 


83(E + Z) 



Analogously to vinylogous imidazolides, vinylogous benzimidazolides, triazolides, 
and pyrazolides also react with nucleophiles to give the corresponding 3-hetero- 
substituted 2-alkene-l-ones in fairly good yield. Whereas an alcohol is conveniently 
introduced as its sodium salt for the reaction with a vinylogous azolide, thiols and amines 
are nucleophilic enough for these reactions to occur directly. In some cases, addition of 
the nucleophile to the double bond of the alkenone system occurs: [3] 

O 9 H 3 

A: C 6 H 5 -C-CH=C-azolyl — 1Z^ O CH 3 O CH 3 

C 6 H 5 -C-CH=C-X + CgHs-C-CHj-C-X 



B: C 6 H 5 -C-CH=C-azolyl ^Z x 

M » HX 

O CH 3 
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Nucleophile 


Route 


Azolyl 


Yield (%) 


HX 








CH3OH* 


A 


1-imidazolyl 


14 


CH3OH* 


B 


1-imidazolyl 


41 


C 2 H 5 SH 


A 


1-imidazolyl 


73 


C 6 H 5 SH 


A 


1-imidazolyl 


22 


C 6 H 5 SH 


B 


1-imidazolyl 


96 


pyrrolidine 


A 


1-imidazolyl 


26 


pyrrolidine 


B 


1-imidazolyl 


44 


CH3OH* 


A 


1-benzimidazolyl 


46 


C 6 H 5 SH 


A 


1-benzimidazole 


70 


CH3OH* 


A 


1,2,4-triazolyl 


46 


C 6 H 5 SH 


A 


1,2,4-triazolyl 


82 


pyrrolidine 


A 


1,2,4-triazolyl 


78 



* as sodium methylate 

If vinylogous imidazole-7V-carboxylates (route A) are treated with nucleophiles such 
as alkoxides or amines, the corresponding vinylogous carbonic esters or amides are 
obtained. While reaction of the vinylogous imidazole-N-carboxylate with a thiol (route 
A) yields the addition product only, that of the corresponding imidazolium compound 
(route B) leads to the carbonic thioester in a substitution reaction: [3] 



CH 3 
CH30COCH=C-Im 



CH 3 
B: CH,OCOCH=C-ImCH; 



HX 



HX 



CH, 



CH, 



CH 3 OCOCH=C-X + CH 3 <XX)CH 2 -C-Irn 
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C 2 H 5 SH 


79 


~~ 
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C 6 H 5 SH 


42 


— 


B 


pyrrolidine 


27 


— 



* as sodium methylate 



The 3-methylimidazolium-3-amino-2-propen-l-one compounds can also be con- 
sidered as vinylogous azolides, as the following reactions with nucleophiles demon- 



strate: 



.[4] 
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O © O 

i/1Iinil » ^ T¥ ^,^Im-CH 3 T nucleophileHX ^ A ^ T ^ „ " ^,„ .X 
4-CH 3 C 6 H 4 -C-CH=Cr 3 I K >• 4-CH 3 C 6 H 4 -C-CH=CC 



HX Yield (%) 



pyrrolidinyl C^SH 31 

NH 2 CH3OH 45 

CH 3 NH CH3OH 49 

pyrrolidinyl NaBH 4 47 (Y = H) 

pyrrolidinyl CH 3 MgI 39(Y = CH 3 ) 



2-Alkene-l-ones 

In the reaction of 3-(l-imidazolyl)-2-alkene-l-ones with organometallic compounds or 
sodium borohydride (NaBItO, only the route leading to a 2-alkene-l-one via a 1,4- 
addition reflects azolide chemistry. [5] 

9 rm 9 9 H 

CH 3 C 6 H 4 -C-CH=CH-Im > CH 3 C 6 H 4 -C«CH=CH-R + CH 3 C<^ 4 -<>CH=CH--Im 

R 

from 1,4-addition from 1,2-addition 
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Total yield (%) 






CH 3 MgI 
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QHgMgl 
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CHjLi 


44 


30 


70 


QI^Li 


50 


65 


35 


NaBH 4 


60 


35 


65 



With 3-(l-imidazolyl)-2-alkene-l-ones bearing a substituent at C-3, regioselective 
1,2-addition occurs because of steric hindrance. [6] 
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23 Photochemical Reactions 



Photochemical 1,2-Shift of the Acyl Group in Imidazolides 



Photochemical treatment of an N-acylimidazole results in a 1,2-shift (N-C migration) of 
the acyl group to give a mixture of 2- and 5-acylimidazoles (photo-Fries products): [1],[2] 

> hv(254nm) f y £) 

N N K K N 

i H H 
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c-C 6 H,,CO 
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(CH 3 ) 3 CCO 
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C 6 H 5 CO 


13 


23 


(CH 3 ) 2 OCHCO 


16 


31 


CH3OCO 


16 


10 


(C 2 H 5 ) 2 NCO 


8 


10 



Deuteration experiments suggested an intra- as well as an intermolecular migration of 
the acyl group. /7-Methoxybenzoyl- and /?-nitrobenzoylimidazole did not undergo acyl 
migration upon irradiation. Af-Crotyl- and N-geranylimidazoles are stable to irradiation. [2] 

Migration of the imidazolylcarbonyl group in addition to N-C migration of the acyl 
moiety was observed upon irradiation of l-(dehydroabietoyl)imidazole and l-(13 r -de- 
isopropyl- 1 r -e/?/-dehydroabietoyl)imidazole. [3] 



1,2-Shift and Fragmentation 



If there are hydrogen atoms in the y-position relative to the acyl group, irradiation of an 
imidazolide leads to a 1,2-shift of the acyl group (step one) followed by a Norrish type II 
or type I fragmentation (step two): [4],[5] 
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H H 



<s -Zz» t***«*Hj 



* ;:c-"cY7J^» 



N ^ step 2 
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Examples: 



ii fly f 254 nm) 

/i-C l7 H 35 -C-Im -— T '- > «-C 14 H 29 -CH=CH 2 + CH 3 -(CH 2 ) 15 -CH 3 

17 35 95% conversion I4 w 2 3 2 15 3 



40% 
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CH, O 
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CH, 



CH, 



n -C 1 4H29— CH — CH2CH2 "" C — Im 



74% conversion 



-► n-Ci4H2o C = CH 2 + n-CidH^o CH—CHjCH- 



62% 



14*129 v^n ^1*2^113 



3% 



This reaction has been utilized for side-chain degradation of substituted cholic acids 
and lanostenoic acid: f43,[63 



CH 3 OCO H3C v^v^CO,H 
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69% conversion 
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ri 3 C^ v^H 3 



69% 



Conformational factors in the photolysis of JV-acylimidazoles leading to Norrish type 
II products or cyclobutanols have been discussed in reference [7]. A^-Acylimidazoles have 
been irradiated in tetrahydrofuran using a low-pressure mercury lamp (quartz well, 
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254 nm) to give photorearranged C-substituted products, which were irradiated further in 
methanol without or in the presence of acid using a medium-pressure mercury lamp 
(pyrex well, 280 nm). These procedures resulted in comparable yields of cyclobutanols 
and fragmentation products from l-(cyclohexylacetyl)imidazole, while in the case of 
l-(cyclopentylacetyl)imidazole only elimination products are formed: t7] 
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H 

/^N / 18% 74% 
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o"yY hv(>28onm) > <*-s-o 



H 
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The photolysis of cis~ and frflws-decalin-9-carboxylic acid imidazolide has also been 
investigated.^ 7 * 
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Addition onto Imidazolides 



1-Acylimidazoles in the presence of benzophenone lead to oxetanes on irradiation with a 
medium-pressure mercury lamp: [8] 



C6H 5 

N n-A^ 5 -* ESLffiL 

O C ft H , CQC ^hv > < N >° 



benzene 



CH 3 50 

C 6 H 5 34 



C=0 CO Im 51 

R R 



JV-Acyl Fission in the Photolysis of Triazolides and Tetrazolides 



Irradiation of l-acyl-l,2,4-triazoles, contrary to N-acylimidazoles affords no photo-Fries 
products, but instead forms aldehydes and other products via the corresponding acyl 
radicals. [9] 



* hv(254nm) 
ether 

main product 



^.^N hv(254nm) ^ „ „ ^ TTrx ^ „ ^ TT _^„ . ^ ¥T . „ „ J3 

OO 



^ ~rttr C 17 H 35 CHO + CuH^CH-C^ + C^H* + C I4 H 29 -r-T 



C 17 H 



17"35 



Investigation of the photolysis of some iV-acylbenzotriazoles is discussed in reference 
[10]. 

2-Acyltetrazoles did not give Fries products but rather 2-alkyl-l,3,4-oxadiazoles as 
the main products, among others. [9] 



U>— "AH,, ^» C «-V N 
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24 Azolides in Medicinal and Industrial Fields 
and in Analytical Methods 



24.1 Applications in Various Medicinal and Industrial 
Fields 



Some azolides are distinguished by their practical applications, extending from their 
potential as fungicides, herbicides, and insecticides to their utility as textile auxiliaries, 
antiflammatory agents, or phase-transfer catalysts. The various azolides of these prop- 
erties have been compiled below in five groups. 

1. Azolides used as pesticides, fungicides, herbicides, insecticides, acaricides, 
agricultural antibacterials, and plant-growth regulators: 

CH 2 -CH-COIm />-ClC 6 H 4 -CH*C-COIm ^ 2 % y-N 
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[15] Br Bf [16] 
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2. Azolides used as inhibitors for monoamine oxidase 1173 or human leucocyte 
elastase, tl8] as inductors of recessive lethal genes in Drosophila, tl9] as histamine 
H 2 -receptor antagonists, 1203 as anti-ulcer agents,* 211 or as pharmacophores for 
anthelmintic, analgesic, and antimicrobial activity: t22] 



CH.CO-N I V ' 3 7 | N-C-N | 

3 V*^„„ CH 3 OC-CH-NH-COIm W \^ 
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3. Azolides used as promotors in the anionic polymerization of lactams, [23],[24] and as 
plasticizers for PVC: [25] 



CH 3 " 


N 




C=0 


[24] 


CH 3 



[23,24] [24] CH 3 [24] CH 3 g [25] 

4. Azolides used as activators for sodium percarbonate/perborate in laundry bleach- 
ing, [26H29] for decreasing the affinity of polyamide textile materials for acid dyes, t30] 
and as antiflammatory agents: [31] 



CH, 



GH 3 -C-N^J QAStym QA-C-nJ N^J ^ 

[26,30] [28] [27,29] [31] 
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5. l-Tetradecanoyl-3-methyl imidazolium chloride, which has been applied as a phase- 
transfer catalyst in the alkylation of benzyl cyanide at elevated temperature:^ 321 

O ^® 
C 2 H 5 Br/C, 4 H 29 C-N I 3 CI C 2 H 5 C 2 H 5 

C 6 H 5 CH 2 CN 50%NaQH 80 o C *> C 6 H 5 -CH-CN+ C 6 H 5 -C-CN + starting material 

C 2 H 5 

47% 1.2% 52% 



24.2 Applications in Analytical Methods 



Chromatographic Determinations 

A gas liquid chromatographic assay for determining the quantity and composition of fatty 
acids is based on conversion of the acids by means of CDI with methanol, ethanol, 
trifluoroethanol, pentafluoropropanol, or heptafluorobutanol into the corresponding 
esters. The alcohols in question were chosen because of the short retention times of their 
esters. [33] 

Gas liquid chromatographic determination of amphetamine, tryptamine, ephedrine, 
isopropanolamine, codeine, and morphine has been achieved by transforming these 
compounds on the column with JV-trifluoroacetylimidazole or AT-(hepta- 
fluorobutyryl)imidazole into AyV-bisacylamphetamine, [34] A^-bisacyltryptamine, [35] 
AT,0-bisacylephedrine, [34] Af,CM>isacylisopropanolamine, [363 0-acylcodeine, [34],[37] and 
0,0-bisacylmorphine. [34],[3?1 In the same way, hydroquinone, [38] catechol, 138 * 2-ethyl- 
hexanol, [39] and melatonin [4 °* were derivatized with A^-(heptafluorobutyryl)imidazole and 
assayed chromatographically. The derivatization of 2-ethylhexanoic acid with JV-hepta- 
fluorobutyrylimidazole leads to AT-2-ethylhexanoylimidazole, which has good chroma- 
tographic properties. 1391 

Mixtures of stereoisomers 3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropane car- 
boxylic acids (the acid moieties of permethrin insecticide), CDI, and chiral amines have 
been investigated by capillary gas chromatography. The diastereomeric amides could be 
identified by GC/MS-spectrometry: [41} 



CH 3 CH 3 1CDI CH 3 CH 3 CH 3Q 

%~ A C0 2 H 2. (/?)(-) C,H g CH 2 CHNH 2> C J_ A ^"^ 
CI /_\ C1 /—\ CH 2 C 6 H 5 

H H H H 

(l/?,3S)-cw RSR diastereomer 
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AT-Trifluoroacetylhistidine butylester is determined gaschromatographically by its 
conversion into an imidazole-AT-ethylcarboxylate: t42] 



NHCOCF3 NHCOCF3 

C 4 H 9 2 C-C-CH 2 q QH^C-C-CHj 

(l (C 2 H 5 QC) 2 Q > £ J 



N 
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> 

N 

1 

C0 2 C^ 2 ri5 



Based on gasliquidchromatography (GLPC) amides, formed from various enantio- 
meric amines and the chiral-derivatizing reagent (5)-(— )-N-pentafluorobenzoylprolyl-l- 
imidazole, could be detected at nanogram levels: t43],t44] 
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*-t\-< 



CH, 



CH 3 0--f VCH 2 -CH-NH 2 
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OCH3 cT^l/ 



C 6 F 5 



The two diastereomeric amides exhibit different retention times. Other l-aryl-2- 
aminopropanes substituted in the phenyl ring as well as a-methylbenzylamine have also 
been investigated by this method. [44] 



Determinations by Fluorescence and Chemiluminescence 

Carboxylic acids can be detected fluorimetrically by attaching them to an anthracene 



moiety: 



.[45] 



RCO.H 



CDI 
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CH 2 OH 




■> R-C-Im 



->- R-00-CH 2 




Aldoses, for example mannose, fucose, arabinose, and others, have been detected at 
the subpicomole level by their reduction to aldites, which are then transformed into 
pernaphthoates by means of naphthoylimidazole. These pernaphthoates show strong 
fluorescence at 374 nm, and can be easily separated by HPLC. [46] 



NaBFL 
aldoses *— >- aldites 




COIm 



DBU, CH,CN 



->* aldite-pernaphtoates, to be used by HPLC 



For determination of low hydrogen peroxide concentrations, a chemiluminescent 
reagent system was developed consisting of oxalyldiimidazole and an immobilized 
fluorophore (3-aminofluoranthene) on an acrylate polymer. [47] 

The resulting chemiluminescent intensity was about 10 times more sensitive com- 
pared with that from the usual reaction between trichlorophenyl oxalate and H 2 2 . t473 
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Im-CO-CO-Im * * > 
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ii ii 
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fluorophore 



■^ light + C0 2 



Determination of Chirality 

The chirality of carboxylic acids, amines, or alcohols has been determined via azolides in 
the following ways: 

If, according to a modified Horeau method (partial kinetic resolution of a racemate), 
an optically active carboxylic acid is treated with an excess of racemic amine or alcohol, 
the configuration of the carboxylic acid can be inferred from the optical rotation of the 
residual amine or alcohol: [48] 
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C 2 H 5 <^C0 2 H C 2 H 5 ^COIm 
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Analogously, the chirality of optically active amines or alcohols can also be deter- 
mined^ 491 

H 2 N>^C-Im 

C H 
H 2 Nsi.H Sx^ C 2 H 5 <^C0 2 H 

racemate _ 

>• amide + 




enantiomer 

By this method, for example, the absolute configurations of the following compounds 
were established: (— )-2-phenylbutyric acid, [48] (— )-hydratropic acid, [48] (+)-0-acetyl- 
mandelic acid, [48] (-)-2-(7V-carbazolyl)propionic acid, [48] (+)-l-phenylethanol, [48] (-)- 
menthol, t48] (+)-l-phenylethylamine, t48] and 1 -alanine ethy lester. [48] The determination 
of the absolute configuration of bacteriochlorophylles c, d and e was made possible by the 
esterification of the phaeophorbides by CDI to imidazolides. [49] 
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N, W-Carbonyldipyrazole 

hydrolysis rate 10 

in pyrazole transfer 458 
Ar,N'-Carbonyldi-l,2,4-triazole 

hydrolysis rate 10 

in amide synthesis 142, 145 

in carbamate synthesis 181, 182, 185 

in epoxide synthesis 1 12, 113 

in ester synthesis 68 

in immobilization of proteins 229 

in isocyanate synthesis 274 

in peptide synthesis 213 

in phosphorylation 321 

in thiol(selenol) ester synthesis 63, 65 
Carbonyl insertions 175, 239 ff, 456 
Carboxylic anhydrides 357 
Carboxylic esters 

diesters 38 

monoesters 31 ff 

syntheses 27 ff 

typical procedures 30 
Carboxylic imidazolides 

see Acylimidazoles 
2-Carboxyphenyl methylselenoxide 108 
Carene 

epoxidation 114 
Carveol 415,416 
Carvone 

epoxidation 1 14 
Catharanthine 

thionocarbonate 95 
CDI 

see AyV'-carbonyldiimidazole 
Cellulose 

activation 181 
Cephalosporin 

amide 139 
Cephem 

carbamate 179 
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Chemiluminescence 484 
Chirality determination 485 
JV-Chlorocarbonylbenzotriazole 192, 193 
Chlorophenoxyphosphorylditriazoles 19 
iV-Chlorosulfinylimidazole 278, 458 
Chromatographic determination 483 
Chromiumdiacetate 93, 96 
Cimetidine 

partial structure 433 
Af-Cinnamoylbenzimidazole 15 
Cinnamoyl-a-chymotrypsin 30 
JV-Cinnamoylimidazole 15, 30 
Conductometry 

in hydrolysis of Af-acylazoles 4 
Coprosterol 416 
Corey- Winter reaction 86 
Crocetin ester 68 
Cyanamides 281 
Cyanic acid 275 
Cyanuric acid 275 
Cycloalkanes 421 
Cyclobutane rings 391 
Cyclodextrin ester 73 
Cycloheptene 91 
Cyclohexanediol ester 43, 45 
Cyclohexene 91 
Cytidine diphosphate choline 105 



Dansylation 293 
Deazaflavines 262 
Dehydration 

of alcohols 436, 439 

ofaldoximes 431 

of amides 434 

of aminoalcohols 440 

of formylamino groups 435 

to heterocycles 252 ff 
Dehydroacetic acid 28 
Dehydroalanines 436 
Deoxygenation 

of alcohols 405 ff 

of allyl alcohols 412 

of a,/?-aziridino alcohols 418 

ofl,2-diols 93 ff 

of a,/?-epoxy alcohols 415 
Deoxyreserpic ester 39 
Deoxyribonucleosides 

acylation 98 



Deoxyribonucleotides 312 
Deoxysugars 93 ff 
Depsipeptides see peptolides 
Desmycosin 

carbamate 179 
Determination of amino acids 221 
Dextran 

ester 61, 73 
dGTP 322 

N, O-Diacylhydroxylamine 1 98 
Diacylperoxides 109 
Diamides 150, 157, 161 
Diamino compounds 

acylation 158 ff 
Diaminosulfanes 299 
Diarylsulfoxides 384 
A^JV'-Dibenzoylhydrazine 168 
2,4-Dibutyl-3,5-dioxomethyldecanoate 375 
Diethylphosphinocarbonylimidazole 301 
Diethylphosphinocarboxylates 301 
Digitoxigenin derivative 

deoxygenation 437 
Dihydroxamates 199 
Diimidazolylsulfide 

see Af,Af'-Thiodiimidazole 
Diimidazolylmethanes 456 
Diketones 375, 378 
2,6-Dimethoxybenzoyl chloride 360 
iV-(4-Dimethylaminobenzoyl)imidazole 6 
N-( 1 ,2-Dimethylethylenedioxyphosphoryl)- 

imidazole 305 
Dimethyl 0-ketoglutarate 373 
3 ,5-Dimethy lpyrazole- 1 -amidinium 

nitrate 282 
JV-Dimethylsulfamoylazoles 447 ff 
iV-(2,4-Dinitrobenzoyl)imidazole 6 
JV-(3,5-Dinitrobenzoyl)imidazole 29 
Dinucleoside phosphates 

acylation 106 
Dinucleotides 

acylation 106 
l,5,2-Dioxazinane-3,6-dione 247 
l,4,2-Dioxazole-5-ones 250 
Diphenylurea 301 
Diphosphates 308 
1,3-Dipolar addition 255 
Dipole moments 24 
Dipyrazolylalkanes 458 
Diribonucleoside 3 ',3 '-phosphates 333 
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Disaccharide 
esters 65 
1 ,3-DitWa[3]ferrocenophane-2-thione 84 
Dittaosulfurdiimides 299 
Dithiocarbonates 298 
Duocarmycin SA 136 

Electroreductive acylation 385 
Enamines 281 

jS-Enaminocarbonylimidazoles 389 
0-Enamino ester 41 
Enol ether 

cyclic 417 
Ent-beyer-15-ene systems 

thionocarbonate 91 
Enthalpies 

hydrolysis of JV-acylazoles 3,4,10 

dissociation of azole-JV-carboxanilide 273 
Enzymes 

modification 225 

immobilization 228 
Epoxides 109, 111,439 
<x,/?-Epoxy alcohols 

deoxygenation 415 
Epoxysialinic acid derivative 

thiocarbonates 83 
Erythromycin 

carbamate 179 

deoxygenation 405 
Erythromycin A analogue 

carbonic ester 76, 79 
Esterification 27 ff 
Ethers 429,439 

A^Ethoxycarbonyltriazole/H 2 2 1 1 3 
Ethyl acetyl(2-methylthiobenzoyl)- 

acetate 376 
Ethyl cinnamate 30 
1 -Ethyleneimino-2-hydroxy-3-butene 29 
iV-2-Ethylhexanoylimidazole 483 
W-Ethylimidazole 451 
O-Ethylperoxycarbonic acid 1 12 

FAD 322 
Famotidine 

partial structure 133 
Flash vacuum pyrolysis 24 
Flindisson 

thionocarbonate 91 
Fluorescence 484 



Fluorophosphates 348 
1 -Formylbenzotriazole 

in amide synthesis 142 

in ester synthesis 44 
Formylchloride 360 
Af-Formylbenzimidazole 16 
AT-Formylimidazole 16, 30, 44, 140, 360, 
386, 387 

hydrolysis rate 4 
Formyltetracarbonylferrate 386 
Forskolin 

precursor 41 
Fortimicin 

deoxygenation 405 
Fungicides 451, 481 
Furanones 387, 389 

Garamin 

carbamate 179 
Genipin 438 
Gentamycin 

ureide 191 
Geraniol 

epoxidation 114 
Glucuronides 39 
Glutathione 214 < 

Glycerylphosphatidylcholine ester 39, 41, 

43 
Glycidol derivates 83 
Glycosides 429 
Glycosylazides 468 
Guanidines 281, 283 

Halides, organic 465 
Hammett diagram 

of aroylimidazoles 7 
Hemin 

diamide 151 
A^-(Heptafluorobutyryl)imidazole 483 
Herbicides 481 
Heterocycles 239 ff, 456 
Heterocyclic amines 155 
3-Heterosubstituted 2-alkene-l-ones 471 
Hexulofuranosonate 

thionocarbonate 96 
Hirsutene 

deoxygenation 405 
Human epidermal growth factor 

coupling 181 
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Hydantoins 221, 261 
Hydrazides 168 
Hydrogenperoxide 108 ff 
Hydrolysis rates of 

iV-acylazoles 3 ff 
Hydroperoxides 106, 107 
Hydroxamates 197 
Hydroxamic acids 197 
e-Hydroxy-a,y-dienylsulfones 437 
3-Hydroxy- 1 ,3-oxazolidine-2,4-diones 250 
y-Hydroxy-a,/?-unsaturated sulfones 437 

Imidazo[l ^2':l,2]pyrrolo[2,34>]furans 265 
Imidazo[ 1 ,2-a]pyridines 264 
1-Imidazolesulfonic acid 350 
Imidazole-#-carboxamides 172 ff, 181 ff, 
187 ff, 273 

see also carbamoylazoles 
Imidazole-Af-carboxylates 74 ff, 111, 172 ff 
Imidazoles 

^-alkylated 443 

C-substituted 446, 447 
Imidazolesulfinates 466 
Imidazole-iV-thiocarboxamides 273 
Imidazole-N-thionocarboxylates 80, 405 
Imidazolesulfonates 49, 466, 467 
Imidazolides 

see N-acylimidazoles 

see also A^-carbonyldiimidazole 

in syntheses see nearly every page 

of chapter 2-24 
Imidazolidinones 188 
Imidazolium-AT-carboxylates 76, 173, 174, 

465 
Imidazoliumthiocyanate 197 
3-(l-Imidazolyl)-2-alkene-l-ones 471 
1 -[3-( 1 -Imidazolyl)-2-alkenoyl]imida- 

zoles 462 
/Mmidazolylaminoenone 472 
(2-Imidazolyl)maleates 266 
Imides 152 

Af-Iminocarbonylazoles 281 
WjW'-Iminocarbonylbisazoles 281 
A^A^'-Iminocarbonyldiimidazole 10 

in c-AMP synthesis 305 

in iminoester synthesis 281 

in oligonucleotide synthesis 336 

preparation 17 

reactivity 17 



iV^'-Iminocarbonyl ditriazole 281 

Iminoesters 281 

Immunogenic membrane proteins 

coupling 231 
Immunoglobulins 

coupling 181 
Indenes 390 
Indoline-2-ones 251 
Ingenol 

cyclic carbonate 79 
Insecticides 481 

Insertion of CO, CS, SO 239 ff, 456 
Insulin B chain 214 
Iodo-5-methylthiocarbonate 93, 96 
IR 

of #-Acylazoles 3, 4, 22 

of N, AT'-Carbonylbisazoles 1 
AT-Isobutyrylimidazole 

aminolysis 5 

hydrolysis rate 5 
Isocyanates 172, 188, 273 
Isocyanides 435 
Isodityrosinol 414 
Isoleucine-5-angiotensin 210 
Isothiocyanate 194, 273, 469 
Isotopically labeled 

esters 56 

amides 343 

carbamates 183 
Isoxazoles 257 

0-Ketoamides 370 
^Keto-y-aminocarboxylates 372 
a-Ketoesters 378 
jff-Ketoesters 366 ff, 376 
Ketones 378 
0-Ketosulfones 384 
j5-Ketosulfoxides 384 

Lactams 151, 253 
Lactoferrin 

connection 180 
Lactones 115 ff, 387 
Lecithine 

imidazolide 165 

nucleosil bonded 165, 233 
Leu-enkephalinamide 215 
Limonene 114 
Linoleates 40 
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Liposomes 

connection 233 
D-Lysergic acid amide 



136 



<x 2 -Macroglobulin 

connection 180 
a-C-Mannobioside 

deoxygenation 405 
Mass spectrometry 24 
Matrices 228 ff 
Mercaptothionocarbonates 82 
Mesoionic azolides 177 
Methacryloylimidazole 132 
Ar-Memoxy-AT-methylamides 198 
AT-(4-Methylbenzoyl)imidazole 5 
8-Methylcercosporamide 141 
AT-Methyl-D-dihydrolysergic acid 

amide 132, 136, 137 
l-Methyl-3-[2-(p-nitrophenyl)ethoxy- 

carbonyljimidazolium chloride 76, 98 
AT-Methyl-phenothiazine diacetic ester 53 
Methylretinoate 30 
2-(Methylseleno)benzoic acid 108 
Methylthiophenyloxycarbonyl protecting 

group 174 
Mevinolin 

thionocarbonate 91 
Mixed anhydrides 349 
Modification of nucleobases 345 
Molecular orbital (MO) calculations 24 
Monosaccharide esters 65 

Naphthoic acid imidazolides 

see N-Aroylimidazoles 
Nargenicin A t 

deoxygenation 405 
Nitriles 431 ff 
p-Nitrophenylester 29, 36, 39, 214 

reactivity 211 
iV-(4-Nitrobenzoyl)imidazole 6 
Nitroxide-bearing esters 57, 58 
NMR 23 
Npeoc(p-nitrophenylethoxycarbonyl)-protect- 

ing group 76, 98, 174 
Nucleoside diphosphates 104, 105, 317 
Nucleoside triphosphates 104, 105, 318 
Nucleosides 97 ff 
Nucleosil lecithine 165 
Nucleotide amides 342 



Nucleotides 97 ff, 303 

Olefins 86ff,436ff,468 
Oligonucleotides 320, 323, 324, 328, 332, 

333, 336 ff 
2-Oxabicyclo[2.2. l]heptanes 423 
Oxadiazoles 259, 260, 478 
N,W-Oxalyldiimidazole in 

acid anhydride synthesis 357 

activation of carboxylic acids 18 

amide syntheses 134, 136, 140 

bioxazole synthesis 257 

carboxcylic ester syntheses 39, 50 

chemiluminescence 485 

a-diketone synthesis 378 

fluorophosphate synthesis 349 

nitrile synthesis 431 

peptide syntheses 213 

a-pyrone synthesis 389 

thiolester syntheses 63 
Ar,Ar-Oxalyldi(l,2,3,4-tetrazole) 47 
Ar,Ar'-Oxalyldi(l,2,4-triazole) 50, 63, 141, 213 
1 ,2 ,3 -Oxathiazolidine-4-one-2-oxides 251 
Oxathiols 255 
1 ,2-Oxazetidin-3-ones 248 
l,3-Oxazine-2,4-diones 250 
Oxazoles 24, 257 
4-Oxazolidinones 248 
Oxazolidone 222 
Oxazolines 136, 254 
Oximinoimidazolides 149 
2-Oxodioxolanes 76, 247, 248 

1-Palmitoylglyceryl-phosphatidyl-AT-trityle- 

thanolamine 42 
AT-Palmitoylimidazole 44 
Penicillin 

amide 139 

ureide 191 
Peptides 209 ff 
Peptolides 39, 56 
Peroxyarachidonic acid 109 
Peroxycarbamates 185 
Peroxycarbonates 1 10 
Peroxycarbonylimidazole 110, 114 
Peroxycarboxylic acids 108 
Peroxyesters 106 
Pesticides 481 
Phenalenofuran 438 
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Phenoxyphosphoryldiimidazole 18, 19, 134, 

144, 213 
Phenoxyphosphoryldi-l,2,4-triazole 18, 254 
o-Phenylenethionocarbonate 91 
0-Phenylphosphoric diimidazolide 

see Phenoxyphosphoryldiimidazole 
O-Phenylphosphoric ditriazolide 

see Phenoxyphosphoryldi-l,2,4-triazole 
2-Phenylindan-l,3-dione 43 
S-Phenyl-S-(1 -propenyl)-sulfoximine 437 
5-Phosphate-D-arabinohydroxamic acid 199 
Phosphatidylcholine 303 
Phosphines 

reaction with CDI 301 
Phosphinic imidazolides 303, 348, 350 
Phosphinylation 303, 304, 307, 349 
Phosphitylation 324 ff, 339 
Phosphonic pyrazolides 307 
Phosphonylation 303, 307, 349 
Phosphordiester 303 ff 
Phosphoric amides 340 ff 
Phosphoric azolides 2, 10 
reactions of 19, 303 ff 
reactivity 18 
preparation 18 
Phosphoric bisazolides 18, 254, 306, 308 ff, 

317 ff, 344, 345, 347, 433 
Phosphoric diimidazolides 18, 144, 213, 

306, 309 ff, 317 ff, 344, 433 
Phosphoric esters 303 ff 

spinlabeled 343 
Phosphoric monoimidazolides 303, 309, 

343, 348, 350, 433 
Phosphoric pyrazolides 307, 341 
Phosphoric sulfonic anhydrides 349 
Phosphoric 1,2,4-triazolides 19, 254, 308, 

311 ff, 318, 347 
Phosphoric triimidazolide 19, 306, 316, 433 
Phosphoric trisazolides 19, 254, 308, 314 ff, 

347 
Phosphorimidazolium salt 310 
Phosphorous azolides 
in peptide synthesis 213, 220 
in phosphitylation 324 
preparation 20 
Phosphorous bisazolides 324 
Phosphorous monoazolides 324 
Phosphorous trisazolides 327, 339, 348, 45 1 
Phosphortriester 304, 313,315 



Phosphoryldiimidazoles 

see Phosphoric diimidazolides 
Phosphoryltriimidazole 

see Phosphoric triimidazolide 
Phosphoryltrisazoles 

see Phosphoric trisazolides 
Phosphorylation 303 ff 
Phosphoryldi-l,2,4-triazoles 19, 254, 308, 

314 
Phosphoryltri-l,2,4-triazole 19, 254, 308, 

314 
Photochemical reactions 475 ff 
Photoreactive esters 56 
Photosensitizer 

immobilization 231 
a-Pinene 

oxidation 114 
JV-Pivaloylimidazole 
aminolysis 5 
hydrolysis rate 5 
Plant growth regulators 45 1 , 48 1 
Polyamides 162 ff 
Polycarbonic esters 

(Polycarbonates) 74, 79 
Polycondensation of nucleotide azolides 
metal ion catalyzed 338, 339 
montmorillonit catalyzed 338 
template directed 336 
tri(azolyl)phosphine mediated 339 
Polyimides 163 ff 
Polymer-bound esters 60, 380 
Polymer-bound hydrazides 171 
Polymer-supported azolides 43, 58, 99, 148, 

163, 171, 198 
Polyesters 58 ff 
Polypeptides 219 
Polyprenylpyrophosphate sugar 308 
Polysaccharide esters 73 
Polysulfonamides 294 
Polyurea 188 
Pregnadienol 416 
Proalbumin 

prosequence 215 
Progesterones 

deoxygenation 405 
Progestagen ester 39 
iV-Propionylimidazole 
aminolysis 5 
hydrolysis rate 5 
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in synthesis of heterocycles 264, 265 
2-Propionylpropionic ter/-butyl ester 28 
Proscillaridine 

carbonic ester 79 
Protecting groups 141, 173 
Proteins, immobilization 228 ff 
Proteins, modification 225 ff 
Pseudohalides, organic 465 
Pullulan 164 

Pyrazole-1-carboxamidinium salts 282, 283 
Pyrazoles 

tf-alkyl 445 

5-substituted 450 
Pyrazolides in 

aldehyde synthesis 400 

alkylpyrazole synthesis 445, 450 

amid synthesis 140, 148, 152, 159 

azole transfer 453 

carbamate synthesis 183, 184 

cyanic acid synthesis 275 

ester synthesis 44 

guanidine synthesis 282, 283 

isothiocyanate synthesis 274 

/?-ketoester synthesis 373 

ketone synthesis 381 

peptide synthesis 213, 217 

phosphinylation 307 

phosphonylation 307 

phosphorylation 307 

phosphitylation 328 

protein modification 227 
Pyridinoindole carboxylic ester 40 
Pyridmotriazolide/H 2 02 system 113 
Pyridinotriazolides in 

amide synthesis 143 

carbamate synthesis 178 

ester synthesis 46 

oxygenations 113 
Pyridof 1 ,2-a]benzimidazoles 264 
y-Pyridones 251, 389 
Pyrimidinediones 222 
Pyrimidinones 189 
Pyrones 387 

Pyropheophorbide ester 39 
Pyrrolidines 418 
7-H-Pyrrolo(l ,2-a)imidazoles 265 

8-Quinolinesulfonyltetrazole 48 
[ 1 1 C]-Quinuclidinylbenzilate 56 



Radical-induced deoxygenation 405 

Ranitidine 
partial structure 133 

Reactivity of 
N-Acylazoles 3 ff 
Af-Aroylimidazoles 6 ff 
iV,AT-Carbonylbisazoles 9 ff 
N, AT'-Iminocarbonyldiimidazole 1 7 
AT, AT'-Sulfinyldiimidazole 1 7 
AT, AT'-Sulfonyldiimidazole 1 7 
A^AT'-Thiocarbonylbisazoles 10, 16 
Z-Glycin-irnidazolide 211 

Retronecine ester 41 

5-(j8-r>Ribofuranosyl)-imidazoles 449 

Ribonucleosides 99, 101 

Ribonucleotides 102 ff 

/-RNA 
aminoacylation 104 

Rotamers 
of N-Acylimidazoles 23 

Roxatidine 
partial structure 133 

Seldomycin 

deoxygenation 405 
Selective acylation 40, 161 
Selenol esters 61, 65 
Selenurane 108 
Semicarbazides 193 
Singlet oxygen 113 
Sisomicin 

thiocarbamates 179 
Solid-phase peptide synthesis 214 
Spacer molecules 229 
Spermidine 

acylations 161 
Spin-labeled 

carboxylic esters 56 

phosphoric amides 343 

phosphoric esters 343 
Spirobi- and tricycles 424 
Starch ester 73 

Steroidal esters 39, 46, 47, 50 
Stilbene 

epoxidation 1 14 
Styrene 

epoxidation 114 
JV-Sulfamoylazoles 447 ff 
Sulfanes 297 
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Sulfates, organic 295 
Sulfenamides 218 
Sulfenylimidazoles 218 
Sulfinic esters 289 
iV-Sulfinylamines 277 
JViJV'-Sulfinyl bis(JV-methylimidazolium) 

dichloride 145 
JV, A^-Sulfmyldiimidazole 1 

in acylimidazole synthesis 21 

in activation of phosphate 309 

in amide synthesis 129, 134, 136 

in azole transfer 451 ff 

in dehydration 438, 439 

in diary lsulfoxide synthesis 384 

in diphosphate synthesis 309, 317 

in ester synthesis 31 

in halide synthesis 466 

in lactone synthesis 117 

in nitrile synthesis 434 

in peptide synthesis 211 

in peroxycarboxylic acid synthesis 108 

in peroxycarboxylic ester synthesis 107 

in phosphoric diimiduzolide 
synthesis 317 

in sulfane synthesis 298 

in N-sulfmylamine synthesis 277 

in sulfite synthesis 295 

in sulfonamide synthesis 291 

in sulfonic ester synthesis 285 

in synthesis of heterocycles 239 

preparation 17 

reactivity 17 
M#'-Sulfmyldi-l,2,4-triazole 

in azole transfer 451 

in nitrile synthesis 435 
Sulfites 295 
Sulfites, cyclic 468 
Sulfonamides 291 
Sulfones 294 

Sulfonic esters (Sulfonates) 285 
MiV'-Sulfonyldiimidazole 10 

in dehydration 440 

in ester synthesis 49 

in halide synthesis 466 

in lactam synthesis 253 

in sulfate synthesis 295 

in sulfonamide synthesis 291 

in sulfonic ester synthesis 285 

preparation 17 



reactivity 17 
N, W-Sulfonyldibenzotriazole 

in Af-alkylazole synthesis 446 

in nitrile synthesis 433 
Sulfoxides 295 
Sulfoxylates 290, 294 
Superoxide dismutase 

connection 180 

Taurylpeptides 221 
Tetracarbonyl(dioxanylidene) iron(0) 

complex 92 
Tetradecylmelibionamide spacer 233 
Tetramic acid 373 
Tetraphenylcyclotetraphosphine 301 
Tetrathia(selena)fulvalenes 84 
Tetrazole-N-thiocarboxylate 178 
Tetrazolides 

in amide synthesis 143 

in carbamate synthesis 178, 184 

in ester synthesis 47, 48 

in modification of nucleobases 346, 347, 
348 

in oxadiazole synthesis 259 

in phosphitylation 324 ff 

in phosphorylation 309, 311 

in photolysis 478 

of arylsulfonic acid 346 

of phosphoric acid 347 

of phosphorous acid 20, 324, 348 
iV-Tetrazolyldiethoxyphosphine 20, 324 
Tetronic acid 388 
Textile auxiliaries 481 
Thiadi(tri)azoles 255 
Thiazoles 254 
Thiazolidindiones 252, 261 
Thienes 256 
Thioamides 165 ff 
Thioazolides 165 ff 
iV-Thiobenzoyl-benzimidazole 165, 170 
#(l)-Thiobenzoylbenzotriazole 166, 170 
iV-Thiobenzoylimidazole 165, 170 
iV-Thiobenzoyl-2-methylimidazole 165 
JV(l)-Thiobenzoyl-l,2,4-triazole 166, 170 
Thiocarbamates 178, 182 
Thiocarbamoyltriazole 194 
Thiocarbazides 194 
Thiocarbazoylimidazoles 277 
Thiocarbazoyltriazoles 196 



Index 



501 



Thiocarbonohydrazides 197 
Thiocarbonyl insertions 239 ff 
N 9 N'-Thiocarrxmyldibenzimidazole 

in thiourea synthesis 195 
N 9 iV'-Thiocarbonyldibenzotriazole 

hydrolysis rate 10 

in synthesis of heterocycles 256 

in thiourea synthesis 195 
N 9 N'-Thiocarbonyldiimidazole 

hydrolysis rate 10, 16 

in C-acylation 362 

in acylimidazole synthesis 21 

in amide synthesis 147, 151 

in aminoacylation of ribonucleotides 
103 ff 

in dehydration 438, 440 

in deoxygenation 93 ff, 405 ff 

in determination of amino acids 221 

in 1,3 dipolar addition 255 

in olefin synthesis 86 ff 

in pseudohalide synthesis 469 

in thioamide synthesis 167 

in thiocarbamate synthesis 182 

in thionocarbonic ester synthesis 80 ff 

preparation 16 

reactivity 10, 16 
NjN'-Thiocarbonyldi-l^-triazole in 

1,3 -dipolar addition 168 

synthesis of heterocycles 243, 255, 256 

thioamide synthesis 167 

thiocarbonylhydrazone synthesis 363 

thionocarbonate synthesis 80 

thiosemicarbazide synthesis 196 

thiourea synthesis 194, 196 
^AT'-Thiodibenzimidazole 290, 298 
MAT-Tmodiimidazole 290, 294, 295, 297, 

299,451 
Thiohydantoins 221 
Thiohydrazides 170 ff 
Thiolactones 115 ff 
Thiolesters 61 ff 
Thiolocarbonates 82 ff 
Thionocarbonic esters (Thionocarbonates) 

acyclic 80 

cyclic 82 ff, 91 ff 
Thionocarboxylic ester 61 
Thiophosphoryltristriazole 315 
Thiosemicarbazides 194, 196 
Thiourea 194, 195 



Thymosin-a! analogue 215 
0-Thymylphosphoric imidazolide 19 
Thyroxine 

immuno assay 181 
Tissue plasminogen activator 

connection 180 
p-Toluenesulfonyl imidazole/H 2 2 /NaOH 

system 114 
Trehalose 

acetylation 69 
Trialkoxyisocyanuric acid 276 
Triamides 161 
Triamines 161 

1 ,5,7-Triazabicyclo[4.4.0]dec-5-ene 253 
Triazepines 262 
1,2,3-Triazolides 

in urea synthesis 192 
1,2,4-Triazolides in 

aldehyde synthesis 400 

N-alkylazole synthesis 444, 445 

amide synthesis 141, 142, 160, 166, 167 

carbamate synthesis 178, 182, 183 

diacylperoxide synthesis 110 

epoxide synthesis 112,113 

ester synthesis 44, 61, 67 

flash vacuum pyrolysis 258 

ketone synthesis 383 

modification of nucleobases 346, 347 

peptide synthesis 214, 216, 220 

phosphitylation 327 

phosphonylation 318, 328 

phosphorylation 308, 311 ff, 329 ff, 346 

photolysis 478 

urea synthesis 192 
5-Triazolo[4,3-a] [ 1 ,4]benzodiazepine 263 
1 ,2,4-Triazolyl- 1 -peroxy acid 113 
iV-(2,4,6-Tri-^rNbutylbenzoyl)benzimidazole 

23 
iV-(2,4,6-Tri-fert-butylbenzoyl)imida- 

zole 15, 23 
Tributylstannane 85, 91, 93, 96, 405 
AT-Trichloroacetylimidazole 5, 15, 29, 358 
N-( 1,1,1 -Trichloroethoxycarbonyl)triazole/ 

H 2 2 112, 113 
0-Trichloroethylperoxycarbonic acid 112 
2,4,5-Trichlorophenylester, reactivity 211 
Tricycles 424 
Trifluoroacetamides 142 
Trifluoroacetic anhydride 357 
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Af-Trifluoroacetylbenzotriazole 

in amide synthesis 143 

in ester synthesis 45 
AMTrifluoroacetylimidazole 

in anhydride synthesis 358 

in chromatography 483 

in ester synthesis 29 

in ketone synthesis 382 

in nitrile synthesis 481 

preparation 15 

reactivity 5 
N( 1 )-Trifluoromethylsulfonylbenzotriazole 

166 
Trifluoromethylsulfonic imidazolide 289, 

469 
Trimethylacetylimidazole 

see Pivaloylimidazole 
Trimethylphosphite 86 ff 
JV-Trimethylsilylimidazole 14, 17 
Triphosphates 308 
Trithiocarbonates 

acyclic 81 

cyclic 82, 84 
Tylosine 

carbonic ester 79 



Urazoles 262 



Ureas 187 ff 

Ursodeoxycholic ester 

UV 
of JV-acylazoles 4 
of iV-aroylimidazoles 



39 



Validoxylamine B 440 
Verrucarol ester 42, 76 
Vinblastoic amide 133 
Vindoline 

thionocarbonate 91 
Vinylfurans 417 
Vinylogous azolides 258, 471 
Vinylogous carbonic amides 472 
Vinylogous carbonic esters 472 
Vinylogous carboxylic amides 471 
Vinylogous carboxylic esters 471 
Vinylogous imidazole-iV-carboxylates 472 
Vitamin K 

epoxidation 114 



X-Ray analysis 
of iV-acetyl-4-bromopyrazole 



24 



Z-protecting group 174 ff 



